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INTRODUCTION 


The salivary gland method for the de- 
tection of ndtural chromosome variability 
in the genus Drosophila and other Diptera 
is of great value in the study of the struc- 
ture and changes of natural populations. 
This is especially true in that the method 
permits, in some cases, the application of 
quantitative methods to the problems at 
hand. Recent penetrating explorations of 
the micro- and macro-structure of natural 
populations in this manner (e.g., Dob- 
zhansky, 1944;° Dubinin and Tiniakov, 
1946) are the natural outgrowth of ear- 
lier more qualitative investigations (e.g., 
Dobzhansky and Sturtevant, 1938; Mil- 
ler, 1939; Warters, 1944), in which the 
description, major geographical distribu- 
tion and phylogenetic relationships of 
gene arrangements have been treated. 
Although many different species of Dro- 
sophila, Sciara, Chironomus and other 
Diptera have been studied in this manner, 
few of these-investigations have presented 
quantitative data on major or local geo- 
graphical frequency patterns for the vari- 
ous gene arrangements. Such information 
appears to be essential for the interpre- 
tation of evolutionary patterns in these 
forms, especially in wild species whose 
existing populations reflect past histories 
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which have been relatively unaffected by 
human activities. 

The present paper is designed to ‘set 
down the fundamental facts concerning 
the nature and distribution of the gene 
arrangements in Drosophila robusta 
Sturtevant preparatory to further more 
intensive studies of the dynamics of gene 
arrangements in local populations. Fur- 
thermore, a correlated study of the mor- 
phology the species from different parts 
of its range has revealed the presence of 
morphological clines from north to south 
(Stalker and Carson, 1946). It is pos- 
sible, therefore, that a parallel study of 
the cytological characteristics may lead 
to valuable correlations. 

Drosophila robusta is especially favor- 
able material from several points of view. 
It is a woods species, being indigenous to 
the eastern United States, with only a very 
small overlapping of range (in Texas) 
with the extensively-studied species D. 
pseudoobscura; this difference in ecologi- 
cal and geographical relationships may 
facilitate comparisons and contrasts with 
the latter species. D. robusta is easily 
cultured in the laboratory, can be captured 
in large numbers, shows a wealth of na- 
tural chromosome variability and is un- 
questionably one of the most favorable 
members of the genus cytologically. 
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MATERIAL AND METHODS 


Taxonomy 


Sturtevant (1942) includes Drosophila 
robusta in the subgenus Drosophila sensu 
stricto, and places it in the robusta group 
of this subgenus. Sturtevant believes that 
D. colorata Walker (Eastern United 
States) and D. sordidula Kikkawa and 
Peng (Japan) probably belong to the 
same group. Descriptions of the mor- 
phology are given by Sturtevant (1921) 
and Patterson (1943). 


Distribution 


Drosophila robusta is apparently con- 
fined to the eastern half of the United 
States, but probably extends into south- 
eastern Canada, as it has been taken in 
southern Ontario. Its present known 
western boundary, running from north to 
south, is as follows: central Minnesota, 
eastern Nebraska, eastern Kansas, eastern 
Oklahoma, and Texas as far west as 
Austin. It has been recorded in all states 
east of the above with the exception of 
West Virginia, Connecticut, Maine, Dela- 
ware, North Carolina and South Caro- 
lina. It is probable that the lack of rec- 
ords from these states is due to lack of 
intensive collecting. 


General biology 


Drosophila robusta is a woods species, 
rarely found in cities and towns. For this 
reason the distribution and local differ- 
entiation of the species would probably be 
much less disturbed by human activities, 
such as long distance shipments of fruit, 
than in the case of domestic species such 
as D. melanogaster and D. immuigrans. 

Like many other sylvan species, D. 
robusta is more easily trapped in woods 
supporting considerable undergrowth, and 
is relatively difficult to trap in open woods 
such as beech-maple climax forests, and 
evergreen forests. It is practically never 
found in open country at any consider- 
able distance from woods. 

Sturtevant (1921) and 
(1943) 


Patterson 
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both indicate that the species . 





feeds upon decaying fruit and the latter 
author has found it feeding on fruit in na- 
ture. It seems very unlikely, however, 
that fruit constitutes an important part 
of the larval and adult food in nature 
because of the type of habitat in which 
the species is most commonly found. We 
have never observed it on fungus, and 
traps baited with decaying fungus, which 
attracted large numbers of other woods 
species, did not attract D. robusta, even 
when the latter species was known to be 
abundant in the surrounding woods, in- 
dicating that fungus is probably not an 
important part of fhe diet. Attempts to 
discover the tood of the larvae and adults 
in the St. Louis area have so far been un- 
successful. 

D. robusta comes readily to fermenting 
banana, and most of the trapping was done 
with this bait. Fermenting oranges, 
grapefruit, peaches, and tomatoes also 
attract this species. Sturtevant (1921) 
has bred it from bananas, tomatoes, and 
potatoes. 

D. robusta is one of the Nearctic spe- 
cies which is able to overwinter in cold 
climates, as indicated by the fact that 
when it first appears in the. spring in 
northern woods (New: York), it is found 
remote from any human habitation, un- 
like the tropical species which survive the 
northern winters in dwellings, and then 
spread out into the woods with the onset 
of warm weather. 

We have trapped D. robusta in New 
York state from May through October, 
and in Missouri from February through 
December. It has been taken in the 
District of Columbia from April to Sep- 
tember (Malloch and McAtee, 1924), 
and in Texas from March to December 
(Patterson, 1943). In Missouri the spe- 
cies becomes very common in May and 
June, after which the population appar- 
ently decreases considerably with the on- 
set of the hot dry summer weather, build- 
ing up again if the fall weather is rainy. 

In the laboratory D. robusta breeds 
readily on cornmeal-cornsyrup-agar cul- 
ture medium. Larvae reared for cyto- 























logical purposes began their development 
on heavily yeasted cornmeal food in vials, 
with yeast suspension and cleansing tissue 
added when the larvae were 2-4 days old. 
The vials were kept at approximately 
25.5° Centigrade, at which temperature 
the development from egg to adult takes 
about 15 days for females and 16 days for 
males. The attainment of sexual maturity 
(as indicated by willingness to mate) oc- 
curs about four days after emergence for 
females, and about eight days after emer- 
gence for males. Thus the complete life 
cycle under optimal laboratory conditions 
takes about 24 days. 


Method of analysis 


The specimens of Drosophila robusta 
on which this study is based were col- 
lected at 63 localities in the eastern United 
States; a fine-type list of these appears 
below.’ In this list, the number of strains 


1A list of the localities from which the ma- 
terial used in this investigation was collected. 
The number of strains analyzed from each lo- 
cality is given in parentheses after the name. 
A “strain” is taken to mean a laboratory stock 
derived from a single fertilized wild female; a 
wild fly analyzed by crossing. to a standard is 
counted as half a strain. Those marked with 
an asterisk (*) are old stocks which may or 
may not have been derived from single strains. 

VERMONT: 1. Randolph, Orange Co. (4); 
MassaAcuuseEtts: 2. Woods Hole, Barnstable 
Co. (5); 3a. Pelham, Hampshire Co. (1); 3b. 
Amherst, Hampshire Co. (2); New York: 4. 
Cold Spring Harbor, Suffolk Co. (2); 5. Roch- 
ester, Monroe Co. (2 and a multiple) ; 6. Varna, 
Tompkins Co. (1); 7. Chautauqua, Chautauqua 
Co. (6); PENNsyLvaniA: 8. Philadelphia, Del- 
aware Co. (1); 9. New Wilmington, Lawrence 
Co. (multiple) ; New Jersey: 10. Tenafly, Ber- 
gen Co. (1); 11. Cape May Point, Cape May 
Co. (2) ; Onto: 12. Wooster, Wayne Co. (65) ; 
13. Chester, Meigs Co. (1); 14. Oxford, Butler 
Co. (1); Mrnnesota: 15. Big Fish Lake, Crow 
Wing Co. (1); Wisconsin: 16. Madison, Dane 
Co. (2); Ittrnors: 17. Glenellyn, Cook Co. 
(2); Iowa: 18. Palisades State Park, Mt. Ver- 
non, Polk Co. (65); Muissourr: 19. Columbia, 
Boone Co. (1); 20a. St. Louis, St. Louis Co. 
(122); 20b. Manchester, St. Louis Co. (1); 
20c. Pond, St. Louis Co. (1); 20d. Gray Sum- 
mit, Franklin Co. (1); 20e. St. Clair, Frank- 
lin Co. (1); 20f. Oermann, Jefferson Co. (1); 
21. Montauk, Dent Co. (17); Kentucky: 22. 
Clinton, Hickman Co. (44); TENNESSEE: 23. 
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analyzed from each locality is indicated 
in parentheses. In general, the material 
is of two types: old material which has 
been maintained in various laboratories 
for from three to five years, and material 
colle¢ted more recently (1945-46) and 
analyzed soon after collection from nature. 

In cases where only one or a few strains 
were available from a given locality, the 
gene arrangements were studied by mak- 
ing acetocarmine or aceto-orcein smears 
of the salivary gland chromosomes of 
from 15 to 20 larvae taken at random from 
mass cultures of the strain. Such data are 
thus merely qualitative and in the maps of 
the geographical distribution of the gene 
arrangements (figures 5-9) only the 
presence or absence of a given arrange- 
ment is considered. 

Quantitative data on the frequency of 
occurrence of gene arrangements were ob- 
tained from six localities (tables 1-3 and 
encircled localities A through F, figures 
5-9). To obtain these data, flies captured 
in nature were brought to the laboratory 
and the females placed individually into 
separate culture vials. If the female was 


Gatlinburg, Sevier Co. (17); 24. Shelbyville, 
Bedford Co. (1); 25a. Eva, Benton Co. (1); 
25b. Milan, Gisbon Co. (4); 25c. Greenfield, 
Weakley Co. (1); ALaBAmMaA: 26a. Lacon, Mor- 
gan Co. (4); 26b. University, Tuscaloosa Co. 
(1); 26c. Twin Oaks, Shelby Co. (4); 26d. 
Oak Park, Chilton Co. (3); 26e. Verbena, 
Chilton Co. (5); 27a. Orion, Montgomery Co. 
(4); 27b. Troy, Pike Co. (34); 27c. Ozark, 
Dale Co. (1) ; 27d. Abbeville, Henry Co. (144) ; 
28. Kushla, Mobile Co. (1); Murssrssrprr: 29. 
Columbus, Lowndes Co. (1) ; Grorera: 30. Ken- 
nesaw, Cobb Co. (1); 3la. Edison, Calhoun Co. 
(24); 31b. Leary, Calhoun Co. (234); 3lc. 
Albany, Dougherty Co. (1); 32a. Thomasville, 
Thomas Co. (1); Fiorma: 32b. Monticello, 
Jefferson Co. (1); 32c. Wellborn, Suwanee Co. 
(4); 32d. Perry, Taylor Co. (1); 33. Lake 
Tsala Apopka, Citrus Co. (1); OKLAHOMA: 
34. Tulsa, Tulsa Co. (1); Arxansas: 35. 
Morrillton, Conway Co. (1 and a multiple) ; 
Lovu1stANA: 36. Cross Lake, Caddo Co. (1); 
37. New Orleans, Orleans Co. (1); TExas: 
38a. Liberty, Liberty Co. (2); 38b. San Augus- 
tine, San Augustine Co. (*) ; 38c. Dusk, Chero- 
kee Co. (*); 38d. Caddo Lake State Park, 
Harrison Co. (multiple) ; 39a. Austin, Travis 
Co. (12) ; 39b. Milano, Milam Co. (*). 
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not fertilized in nature, she was mated 
to a male collected about the same time at 
the same place. For localities from which 
abundant material was available, a smear 
of the chromosomes of a single F, female 
larva from each fertilized female or *pair 
of wild flies was made, thus giving a test 
for two “wild” chromosomes for each 
chromosome pair. Where material was 
scarcer, smears of seven F, larvae from 
each wild pair were made, thus affording 
in most cases a 63 out of 64 chance that 
all four parental autosomes of each pair 
and all three .X chromosomes were ob- 
served. In ambiguous cases, such as that 
caused by multiple male parentage, only 
the first female larva to be smeared was 
considered; this would, of course, give 
information on only two “wild” chromo- 
somes. In some cases, wild flies were 
crossed to laboratory strains of known 
constitution, and the gene arrangements 
of the wild flies inferred from the exami- 
nation of smears of the F, larvae. 


CHROMOSOMES AND GENE ARRANGEMENTS 
The metaphase chromosome group 


The metaphase complements in dividing 
larval neuroblasts were studied in aceto- 
orcein smears of male and female larvae 
from 8 widely distributed stocks (Roch- 
ester, N. Y.; Philadelphia, Penna.; Grey 
Summit, Mo. ; St. Louis, Mo.; University, 
Ala.; Austin, Texas; Tsala Apopka, Fla., 
and Big Fish Lake, Minn.). In all of 
these except the Minnesota stock, the 
chromosome complements were similar, 
showing 8 chromosomes. There are three 
V-shaped pairs of decreasing sizes (in 
the smallest pair the arms of the V are 
slightly unequal) and a pair of micro- 
chromosomes which often appear as short 
rods rather than dots (figure 1 A). In 
the Minnesota stock, the middle-size pair 
of V’s is replaced by a pair of J’s; the 
shorter of the two arms is slightly more 
than half the length of the longer arm (fig- 


ure 1 B). Examination of the salivary 
gland chromosomes of this stock re- 


vealed that it was homozygous for an 1n- 
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Fic. 1. Metaphase chromosomes of dividing 
larval neuroblasts of Drosophila robusta. A. 
Female from a St. Louis, Missouri stock. The 
largest V’s are the X chromosomes; the middle- 
sized pair chromosome 2; the smallest pair of 
V’s are chromosome 3. B. Male from Big Fish 
Lake, Minnesota stock. Chromosome pair 2 is 
J-shaped, due to a pericentric inversion. 2500 X. 


version in the left arm of the second chro- 
mosome (gene arrangement 2L-3, figure 
2), the proximal break of which lies in 
the heterochromatic area in the neighbor- 
hood of the centromere. Minnesota flies 
were crossed to flies known to lack this 
inversion, and metaphases heterozygous 
for the J were obtained. As a parallel 
study of the salivary gland chromosomes 
was carried out, and no other inversions 
were present in the other chromosomes 
which could conceivably affect the posi- 
tion of the centromere, it is concluded that 
this inversion is pericentric. 

The above consideration makes possible 
the identification of the middle-sized meta- 
phase chromosome with salivary gland 
chromosome 2. It further permits the as- 
sumption that the largest chromosome pair 
of the metaphase represents the sex chro- 
mosome pair, a point which had formerly 
been in doubt as there are no consistent 
differences between the X and Y chromo- 
somes at metaphase in males. A prominent 
secondary constriction is often discernible 
on one of the arms of the largest chromo- 
some (figure 1 B), although its presence 
is often obscured (figure 1 A). The 
position of this constriction is not affected 
by an extremely long inversion in the 
right arm of the salivary gland X chro- 
mosome (XR-1, figure 2) as studies of 
the metaphases of individuals homozygous 
for the standard and for the inversion 
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show. It is obvious that the smaller, 
slightly J-shaped pair represents chro- 
mosome 3 of the salivary gland comple- 
ment. 

Our observations on the standard meta- 
phase group (figure 1 A) agree in the 
main with those of Frolova (1936a) who 
has described and figured the oogonial 
and male neuroblast metaphases of this 
species.” Based on studies of prophase 
heterochromatin, Frolova considers the 
largest of the V-shaped pairs to be the 
sex chromosomes. Sturtevant (1940, 
1942, and personal communication) con- 
curs in the correctness of the above de- 
scription of the chromosome group. 

This description, however, does not 
agree with the original observations of 
Metz (1916) or the account given by 
Wharton (1943). Both of these authors 
have interpreted the smallest pair as rods, 
although in Metz’s figure the nearly me- 
dian centric constrictions are discernible. 
Wharton has placed the rods in the sex 
chromosome position in her figure and 
further states that there are five arms in 
addition to the dot chromosome radiating 
from the chromocenter in the salivary 
gland cell nuclei. Our findings agree 
with those of Frolova in that we have 
universally found six arms and a dot in 
the ‘salivary gland chromosomes (Carson 


and Stalker, 1946). 


The salivary gland chromosome group 


Salivary gland chromosome _prepara- 
tions show six arms and a small (4th) 
chromosome extending from the chromo- 
center. The latter is easily broken in this 
species and the individual chromosomes 
are commonly found well separated from 
one another with both arms attached 
through the heterochromatic masses in 
the region of the centromere (see figure 
3, A, B, D, and E). This characteristic 
was also noted by Frolova, especially with 
regard to the X chromosome. The latter 
is intermediate in overall length between 

2 Although Frolova’s papers (1936a, 1936b) 
deal with Drosophila robusta, the flies she 


worked on had been erroneously identified as 
D. sulcata. 


the longer and shorter autosomal pairs. 

Following the conventional system, and 
that used by Frolova for this species, the 
X chromosome has been designated as 1, 
the longer autosome as 2, the shorter 
autosome as 3, and the microcHromosome 
as 4. The two arms of each have been 
arbitrarily designated L (left arm) and R 
(right arm) respectively. Standard band 
sequences have been arbitrarily selected 
for each of the arms. 


Gene sequences 


Relatively inverted segments have been 
found in all chromosome arms except 
the small fourth chromosome; all of 


‘them. with two exceptions, are to one 


side o the centromere (paracentric). 
Figure 2 shows in diagrammatic fashion 
the standard sequences (XL, XR, 2L, 2R, 
3L and 3R) which are represented by 
heavy lines with inflated areas represent- 
ing the position of the centromeres. Be- 
neath the standards are a series of nar- 
rower bars indicating the length of the 
inverted segment by which each sequence 
(e.g., XL-1, XL-2, etc.) differs from the 
standard, or from one of the other ar- 
rangements. For convenience of desig- 
nation, the standard sequences have been 
numbered in such a way that the boun- 
daries between regions in most cases 
correspond with the various inversion 
breaks. The latter are indicated by dotted 
lines leading to the arrangement from 
which a particular sequence may be de- 
rived by a single inversion. 

Four sequences are known in the left 
arm of the X chromosome and four in 
the right arm (top, figure 2). Each of 
the arrangements XL-1, XL-2, and XL-3 
differs from standard XL by a single in- 
version, as indicated by the dotted lines 
leading to the standard arrangement, so 
that despite the fact that XL-1 and XL-2 
overlap one another, the phylogeny of 
the arrangements in the left arm may be 
represented thus: 

+ »@XL-l 
XL@ | © XL-2. 
= XL-3 
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Fic. 2. 


the various gene arrangements in Drosophila robusta. 


Diagram of the standard salivary gland chromosome arms and 


The 


broad lines 


represent the standard gene arrangements (XL, XR, 2L, 2R, 3L, and 3R) 


with inflated areas indicating the position of the centromeres. 


The narrower 


bars indicate the length and (by dotted lines) the break points of the in- 
versions by which the gene arrangements differ from the standard or each 


other. For details, see text. 


The same relationship prevails among the 
four arrangements in the right arm; 
XR-1 is interesting in that it is cytologi- 
cally terminal. 

In the second chromosome, there are 
five arrangements in the left arm; of 
these, 2L—1, 2L-2, and 2L-3 differ from 
standard by single inversions. 2L-—4 is 
unique in D. robusta as it is the only ar- 
rangement in the complex which differs 
from a standard by two inversions. As 
it differs from 2L-1 by a single inversion 
and overlaps it, these three arrangements 
form a three-step phylogenetic series, 
which, together with the other two ar- 
rangements, may be represented thus: 


,< 2L-2 


2L @& | © 2L-1 © 2LY4. 
'< 21-3 


The proximal breakage points of 2L-2 
and 21-3 both lie in the heterochromatin 
adjacent to the chromocenter and _ their 
exact position is difficult to determine. 
21-3, which is the shorter of the two, is 


of particular interest in that it is pericen- 
tric (see p. 127), transforming the shape 
of the metaphase chromosome from a V 
to a J. Inthe salivary chromosome, a 
considerable amount of heterochromatin 
is transferred to a new position adjacent 
to region 18. 2L-2, on the other hand, 
results in no change in metaphase shape 
and is thus paracentric, although its prox- 
imal break must be very close to the 
centromere. Somewhat less heterochro- 
matin is involved in this inversion than 
in the case of 2L-3. These features are 
illustrated in the photomicrographs of 
left arms of the second chromosome (and 
short basal sections of the right arm) 
when heterozygous for 2L-3 and 2L-2 
(figure 3, A and B respectively). For 
the right arm of the second chromosome; 
two arrangements are known, the stand- 
ard 2R, and 2R-1, which differs from 
the former by a single terminal inversion 
(figure 3 ©). 

There are three arrangements in the 
third chromosome. One of these, desig- 
nated as 3L-R, is pericentric. The cen- 
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Fic. 3. Photomicrographs of some inversion heterozygotes in the sali- 


vary gland chromosomes of D. robusta. 
beneath each figure (cf. also figure 2). 


centromere. For details, see text. 
tromere, however, lies so near to the 
center of the inversion that very little 
change in metaphase shape would be ex- 
pected (see figure 3 D). Study of, the 
metaphases of individuals heterozygous 
for this arrangement has revealed no de- 
tectable change in metaphase shape. The 


Approximately 1000 x. 


other arrangement, 3R-1, differs from 
the standard right arm by a single inver- 
sion; the relationships of the three ar- 
rangements may be expressed as follows: 


3L 
3R-163R 


The configuration shown is given 
c = approximate position of the 


= 3L-R. 
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Fic. 4. Banding patterns of homozygous salivary gland chromosome ends in D. robusta. 
The configurations shown are given beneath each drawing; the regions are numbered to cor- 


respond with those given in figure 2. 


right of figure. 


Figure 3 D is a photomicrograph of an 
entire 3rd chromosome pair showing the 
pericentric inversion configuration formed 
in an individual heterozygous for 3L-R; 
figure 3 E shows a 3rd chromosome pair 
heterozygous for 3R/3R-1. In this fig- 
ure the left arm is homozygous for the 
standard gene sequence. 


Cytological identification of the salivary 
gland chromosomes 


In order that future identification of 
the various salivary gland chromosome 
arms in terms of the present description 
may be possible, and terminology stand- 
ardized for the species, a series of small 
drawings of chromosome ends are pre- 


All drawings were made with the aid of a camera lucida 
and are of individual chromosome ends, selected as typical. 


Magnification is given at lower 


sented in lieu of full maps. Figure 4 
shows the standard band sequences of 
the terminal portions of each chromosome 
arm (A, B, D, E, G, H). These draw- 
ings are numbered so that they correspond 
to the regions as designated in figure 2. 
All arrangements except XR-3 have been 
encountered in the homozygous condi- 
tion and as two of these (XR-1 and 
2R-1) are terminal and relatively com- 
mon in certain areas, drawings of these 
“derived” ends have been added (C and F, 
figure 4). The entire right arm of the 
third chromosome is represented (H, fig- 
ure 4). 

Distinct “weak” or narrowed places, 
at which the chromosome is_ usually 
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greatly attenuated or even broken in 
ordinary smears, are numerous and con- 
stant in position (e.g., figure 3 A, near 
the distal bend in 2L and in the loop to 
the left in figure 4 D). These places 
serve as excellent identification land- 
marks; there are at least two such spots 
in each chromosome arm. 


Geographical distribution of gene arrange- 
ments 


Data on the distribution of the gene ar- 
rangements were obtained in two ways. 
A number of old stocks which had been 
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maintained in the laboratory for some 
years were examined and the presence or 
absence of the various arrangements re- 
corded. Recently collected material was 
handled in the same manner in cases 
where relatively few strains were avail- 
able from any one locality. Such data 
are necessarily inexact and qualitative, 
since relatively rare arrangements may be 
missed if few strains are examined from 
any one locality and since old laboratory 
stocks mav have lost certain arrange- 
ments. The second way in which data 
were obtained consisted of the collection 








GENE 
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Fic. 5. Distribution and frequencies of the three principal gene arrangements in the left 


arm of the X chromosome of D. robusta. 


Each of the 39 localities from which flies were col- 
lected is represented by a 3-sided symbol (see lower right of figure). 


When any given arm of 


the symbol is left open, the arrangement for which it stands was not found in that locality. 
The smallest symbols indicate data based on the examination of a single strain; the medium- 


sized ones are based on 2-4 strains and the largest on 5 or more (see footnote, p. 115). 


The 


histograms to the left symbolize the frequencies, in per cent, of the 3 arrangements in the 
6 encircled regions (A, B, C, D, E, and F; cf. table 1) from which large collections were made. 





The geographic origin of these is indicated by dotted lines leading to encircled symbols. 


























of large numbers of flies at one time in 
a given locality and the determination of 
the frequency of the various gene ar- 
rangements in the population. Such stud- 
ies yield quantitative results and thus tend 
to clarify and more clearly demonstrate 
the geographic tendencies reflected in the 
qualitative data. 

Both qualitative and quantitative data 
are given graphically in figures 5-9. In 
figure 5, the distribution of the gene ar- 
rangements in the left arm of the X chro- 
mosome is presented. Each of the 39 col- 
lection localities (see footnote 1) is rep- 
resented by a 3-sided symbol, each arm 
of which stands for one of the three com- 
mon gene arrangements in this chromo- 
some arm (see lower right of figure 5). 
The arms of the symbols are solid in those 
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localities where the gene arrangement, 
for which it stands, was found; where it 
was not found, the corresponding arm is 
left open. The smallest symbols indicate 
that the data were obtained from a single 
strain; the medium-sized symbols indi- 
cate that the data are based on from 2-4 
strains and the large ones are based on 5 
or more strains. Certain of the symbols 
stand for two or more closely adjacent 
localities. For example, it can be seen by 
referring to footnote 1 that the symbol 
in central Massachusetts is based on three 
strains, one from Pelham and two from 
Amherst. Any of the symbols may be 
checked back to footnote 1 in a similar 
manner. 

The quantitative data were obtained 
from the six encircled areas (A-F, figures 





















































TABLE 1. Gene arrangement frequencies (in per cent) from north to south in the 
X chromosome of D. robusta 
Left armt Right armt 
Locality* n $j — | ) 
| XL ma. | ate |} ae | XR4t | XR2 
Mt. Vernon, Iowa (A) | 130 | 52.3 47.7 | 00 | 4.6 | 93.1 | 2.3 
Wooster, Ohio (B)| 126 41.1 58.1 | O8 | 42.1 | 349 | 23.0 
St. Louis, Missouri (C)| 235 | 98.2 0.9 | 09 | 37.9 | 608 | 1.3 
Montauk, Missouri (D) | 34 | 76.5 14.7 | 8.8 | 17.7 | 52.9 29.4 
Ky.; Tenn.; North. Ala. (E) | 47 63.8 0.0 | 36.2 16.6 | 29.2 | 5§4.2 
South. Ala.; Georgia; kh | | | 
Florida (F); 125 | 808 0.0 | 192 | 4.0 0.0 | 96.0 
* The letters A to F indicate the encircled areas in figures 5 and 6. 
+ XL-3 (omitted in table) known only fr6m Tsala Apopka, Florida. 
t XR-3 (omitted in table) known only from Glenellyn, Illinois. 
TABLE 2. Gene arrangement frequencies (in per cent) from north to south in the 
second chromosome of D. robusta 
Left armt Right arm 
Locality* n - 
| - | wa m2 | ws 2R 2R-1 
Mt. Vernon, Iowa (A) | 130 | 562 | 92 3.8 | 30.8 90.0 10.0 
Wooster, Ohio (B) |} 102 80.4 | 2.9 5.9 | 10.8 89.2 10.8 
St. Louis, Missouri — (C) | 244 | 504 | 406 | 82 | 0.8 82.4 | 17.6 
Montauk, Missouri (D)| 34 824 | 147 | 29 | 0.0 67.6 32.4 
Ky.; Tenn.; North. Ala. (E) | 63 1 | 44.4 23.8 | 0.0 65.1 34.9 
South. Ala.; Georgia; | 
Florida (F) | 153 13.1 72.55 | 144 | 0.0 57.4 42.6 














* The letters A to F indicate the encircled areas in figures 7 and 8, 


+ 2L-4 (omitted in table) known only from Kushla, Alabama. 
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TABLE 3. Gene arrangement frequencies (in per 
cent) from north to south in the third 
chromosome of D. robusta 




















Right armt 
Locality* n 
3R 3R-1 
Mt. Vernon, Iowa (A) | 130 | 91.5 8.5 
Wooster, Ohio (B) | 122 | 82.8 | 17.2 
St. Louis, Missouri (C) | 244 | 74.2 | 25.8 
Montauk, Missouri (D) 34 | 55.9 | 44.1 
Ky.; Tenn.; North. 
Ala. (E) 63 | 19.0 | 81.0 
South. Ala.; Georgia; 
Florida (F) | 155 | 0.0 | 100.0 








* Letters A to F indicate the encircled areas in 


figure 9. 
+ 3L-R (omitted in table) known only from 
Big Fish LaRe, Minn. 


5-9) ; the histograms to the left of the 
figures symbolize (in per cent) the fre- 
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quencies of each arrangement in each of 
these six localities. These histograms 
are based on the data given in tables 1, 
2, and 3. 

Inspection of figure 5 shows that where- 
as XL, although of infrequent occurrence 
in the northeast, is found practically 
throughout the range, XL-1 is largely 
confined to the north, and has not been 
found south of Tennessee. XL-2, al- 
though nowhere the dominant arrange- 
ment, falls off sharply in the north, be- 
ing already low at St. Louis, and Wooster, 
Ohio, and absent in Iowa. The single 
strain from Lake Tsala Apopka, Florida 
(represented by the southernmost sym- 
bol in Florida), is of interest in that it 
was found to be homozygous for an ar- 
rangement (XL-3) which is known only 
from this locality. 








GENE 
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Fic. 6. 
arm of the X chromosome. 





Distribution and frequencies of the three principal gene arrangements in the right 
For further explanation, see figure 5, table 1 and text. 
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In figure 6, which shows the geo- 
graphical distribution of the arrangements 
in the right arm of the X chromosome, it 
will be seen that XR, which is at its high- 
est frequency in Ohio, further appears 
from the qualitative data to be the domi- 
nant arrangement in the northeastern part 
of the range. In the northwest, XR is 
largely replaced by XR-1, as can be seen 
strikingly in the histogram for lowa. As 
one goes south, XR-1 becomes relatively 
less frequent, and, especially in the south- 
east, XR-2 becomes the dominant ar- 
rangement. XR-3, which is known only 
from northern Illinois (Glenellyn), is not 
included in the symbols. It is derived 
from the standard XR, which; however, 
was not found at this locality. 

In the left arm of the second chromo- 
some, there are five arrangements, four 
of which are analyzed in figure 7. The 
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fifth arrangement, 2L-4, is known only 
from one strain in southwestern Alabama 
(Kushla). Standard 2L has a distinctly 
northern distribution, whereas 2L-1 is 
southern. Both these arrangements, how- 
ever, appear to be present in nearly all 
parts of the range. 2L is the dominant 
arrangement in the central area, and re- 
mains so as one goes northward. Its 
relative frequency, however, is reduced 
somewhat in the north by the noticeable 
increase of 2L-3 (which, it will be re- 
called, is pericentric). The latter is 
strictly localized in the north; Gatlinburg, 
Tennessee, seems to be its southernmost 
limit. The number of times that it has 
been recorded in the qualitatave data in 
the northeast, and the fact that the Min- 
nesota collection was homozygous for it, 
lead one to surmise that in the northern 
areas its frequency may well become equal 
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Fic. 7. Distribution and frequencies of the four principal gene arrangements in the left arm 


of chromosome 2. For further explanation, see figure 5, table 2 and text. 
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Fic. 8. Distribution and frequencies of the two arrangements in the right arm of chromosome 


2. For further explanation, see figure 5, table 2 


to, if not greater than, the frequency of 
2L. The increase in 2L-1 as one goes 
south is marked, and it is further clear 
that it increases at the expense of 2L. 
2L-2 is one of the few arrangements in 
the species which nowhere appears to be 
approaching dominance; furthermore, it 
is unique in showing no major geographi- 
cal trend. It is most frequent in northern 
Alabama, western Tennessee and Ken- 
tucky, and falls sharply again to the 
north and south. 

In the right arm of the second chromo- 
some (figure 8), 2R is universally most 
common, although as one goes south it 
tends to be replaced by 2R-1. This latter 
arrangement is obviously very low in 
frequency or possibly even absent from 





and text. 


the extreme northeastern part of the 
range. 

The same tendency as that shown in the 
right arm of the second chromosome is 
displayed by two of the arrangements in 
the right arm of the third chromosome 
(figure 9), except that the reciprocal re- 
placement of the two arrangements in 
north and south is much more pronounced. 
Although 3R never completely replaces 
3R-1 in the north, 3K shows a very 
sharp drop as one goes south and has not 
been found south of a line drawn hori- 
zontally as a continuation of the southern 
boundary of Tennessee. The arrange- 
ment designated 3L—R, which differs from 
the standard 3L and 3R arms of the third 


chromosome by a pericentric inversion, 
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Fic. 9. Distribution and frequencies of the two principal gene arrangements in the right 
arm of chromosome 3. For further explanation, see figure 5, table 3 and text. 


is known only from a single strain in 
Minnesota. 


DISCUSSION 
CHROMOSOME VARIABILITY 
Pericentric inversions 


The occurrence of pericentric inversions 
in natural populations is perhaps the most 
unique feature of the chromosome vari- 
ability in Drosophila robusta. It has been 
known for some time that inversions 
which include the centromere are rarely 
found in natural populations. As the 
events responsible for the origin of both 
types of inversions are apparently equally 
likely to occur by chance, another ex- 
planation has been sought for this phe- 


omenon. Thus Muller (1940), Dob- 
zhansky (1941), Carson (1946) and 
others have stressed the hypothesis that 
although the two types of inversions may 
arise with equal frequency, the pericentric 
type should be subject to adverse natural 
selection in that, when heterozygous, most 
types of crossing over within it would 
lead to the formation of inviable duplica- 
tion-deficiency gametes. 

Other than the two cases reported here 
for Drosophila robusta, only a single case 
of a naturally occurring pericentric in- 
version has been recorded for the genus 
(chromosome B of D. algonquin, Miller, 
1939). In this instance, however, the ar- 
rangement which includes the pericentric 
inversion is usually found associated in the 













































population with an arrangement (stand- 
ard) which differs. from it by two over- 
lapping inversions. Miller states concern- 
ing this case: “. . . if the spindle attach- 
ment inversion is overlapped by another 
inversion, crossing over within it may be 
reduced to the extent that the above- 
mentioned disadvantage (inviability) is 
virtually overcome”. This may well be 
a contributing factor to the maintenance 
of the pericentric inversion in the popula- 
tion, but it should be further pointed out 
that a single exchange between the in- 
verted segments of two such chromosomes 
will result in a bridge and fragment at 
meiosis rather than duplication-deficiency 
chromatids. This event would presum- 
ably lead to the segregation of a non- 
crossover chromatid into the ootid nucleus 
in a manner similar to that described for 
paracentric inversions (Sturtevant and 
Beadle, 1936; Carson, 1946). Such mech- 
anisms as the above would be expected 
to “protect” effectively the pericentric 
inversion from elimination by natural se- 
lection, once it had become established in 
the population along with an arrangement 
differing from it by two overlapping in- 
versions. 

No such explanations as the above are 
applicable to either of the pericentric in- 
versions in Drosophila robusta. Although 
3L-R is known only from a single locality, 
the wild strain was analyzed soon after 
collection and it seems unlikely that the 
inversion arose in the laboratory. This 
surmise is strengthened by the fact that 
2L-3, the other pericentric, is not only 
widely distributed throughout the north- 
ern part of the range of the species but 
also is found in certain areas in high fre- 
quency (e.g., 30.8 per cent at Mt. Vernon, 
Iowa). Each of these arrangements dif- 
fers from its respective standard (3L-3R 
or 2L) by a single inversion; the stand- 
ards, furthermore, appear to be the pre- 
dominant alternative arrangement in the 
population in each case. This is especi- 
ally clear in the case of 2L and 2L-3; both 
are commonly found together in the north- 
ern part of the range. 
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From the above facts, it is clear not 
only that 2L and 2L-3 are able to exist 
in the same population where heterozy- 
gotes would be commonly formed but also 
that the phylogenetically younger of the 
two, whichever it is, has not been deterred 
from at least approaching equality with 
the ancestral one. This establishment, 
furthermore, has been possible in the ab- 
sence of any obvious special cytogenetic 
condition such as that which obtains in 
chromosome B of Drosophila algonquin, 
although the existence of some local or 
generalized genic crossover supressor can- 
not be excluded. Chance fixation might 
be invoked to explain the successful es- 
tablishment of occasional “forbidden” 
types of chromosome aberrations, such as 
the naturally-occurring translocation found 
by Dobzhansky and Dreyfus (1943) in 
D. ananassae and possibly also 3L-R in 
D. robusta. The case of 2L-3 in D. ro- 
busta, however, cannot be explained on 
this basis. Further studies of the effects 
of these inversions on fertility are cur- 
rently being pursued. 

The two cases discussed here represent 
instances in which the essential identity 
of two of the basic “elements” of the 
genome of Drosophila are affected. In 
those species (not including D. robusta) 
in which homologies of the chromosome 
arms have been studied, Sturtevant and 
Novitsky (1941) found that the six chro- 
mosome arms of D. nielanogaster retained 
their essential identity, although these au- 
thors mentioned the theoretical possibility 
of exchange between elements through 
the agency of pericentric inversions. It 
might be further pointed out that there 
is indirect evidence for the occurrence of 
pericentric inversions in the phylogeny 
of certain species of Drosophila, notably 
D. annulimana (Dobzhansky and Pavan, 
1943) and D. montana (Patterson and 
Griffen, 1944). 


Inversions involving heterochromatin 


Two of the inversions of D. robusta 
(2L-2 and 2L-3) have one break lying 
in the euchromatin and the other lying in 





the heterochromatin of the chromocenter 
region. One of these includes the centro- 
mere and the other does not; both show 
wide geographical distribution. An in- 
version similar to these was described by 
Pavan (1946) for the X chromosome of 
a single strain of Drosophila nebulosa. 
This latter author, who is impressed by 
the rarity of such inversions in natural 
populations, reasons that as position ef- 
fects frequently accompany transfers of 
heterochromatin, and as they may be 
deleterious, such inversions must be elimi- 
nated by natural selection. He further 
makes the point that the inversion con- 
cerned may have arisen in the laboratory. 
Such an explanation may be advanced for 
the infrequency of such aberrations, but 
it should be pointed out that such transfers 
of heterochromatin may not always be 
accompanied by position effects, nor are 
all position effects necessarily deleterious. 
The occurrence of inversions involving 
heterochromatin in D. robusta and D. 
nebulosa may represent special cases in 
which favorable or neutral effects ac- 
company the transfer of heterochromatin, 
thus permitting the perpetuation of the 
inversion in nature. 


Terminal inversions 


Two inversions in D. robusta are cyto- 
logically terminal (XR-1; 2R-1). Such 
inversions have been described from a 
number of species (D. ananassae, Kauf- 
mann, 1936; Kikkawa, 1938, Dobzhansky 
and Dreyfus, 1943; D. nebulosa, Pavan, 
1946; and several species of Sciara, Car- 
son, 1944; McCarthy, 1945). Such in- 
versions should no longer be considered as 
special cases, although their relationship 
to the telomere is in need of investigation. 


GEOGRAPHICAL GRADIENTS 


As regards their geographical distribu- 
tion, the gene arrangements of Drosophila 
robusta may, for purposes of convenience 
in discussion, be divided into three 
groups: (1) those which are rare and 
have been found in a single strain only ; 
(2) those which are widely distributed 
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and show geographical gradients in fre- 
quency, and (3) widely distributed ar- 
rangements which show no marked fre- 
quency gradients. 

Four of the nineteen arrangements fall 
into the first of these groups (XL-3 from 
Tsala Apopka, Florida; XR-3 from Glen- 
ellyn, Illinois; 2L—4+ from Kushla, Ala- 
bama, and 3L-R from Big Fish Lake, 
Minnesota). These arrangements may be 
considered to be counterparts of the rare 
arrangements of the third chromosomes 
of D. pseudoobscura (e.g., Cochise, Texas, 
and San Jacinto) and of D. persimilis 
(e.g., Humboldt) (Dobzhansky, 1944). 
The data available for these two latter 
species, D. robusta and several of the spe- 
cies studied by Warters (1944), seem suf- 
ficient to warrant the conclusion that such 
arrangements are truly rare or endemic 
to local areas and that failure to find them 
elsewhere may not be due to insufficient 
sampling. It seems probable- further- 
more, that most of them represent recent 
derivatives of other arrangements and 
that they have spread but little from their 
points of origin (Mayr, 1945). This sug- 
gestion is borne out not only by the fact 
that they usually occupy terminal posi- 
tions in the gene arrangement phylo- 
genies, but also that they are generally 
found in areas where their theoretical 
progenitors occur in a high frequency. 
This holds true for the three arrangements 
mentioned above for D. pseudoobscura; in 
D. robusta, 2L-4 is the best example in 
that it occurs where its theoretical pro- 
genitor, 2L—1, is abundant and where 2L 
is rare or absent. Due to the rarity of 
proved cases of spontaneous inversion in 
laboratory stocks and in view of the 
rather considerable number of rare inver- 
sions in widely-studied species, it seems 
unlikely that any of these arrangements 
are of laboratory rather than natural 
origin. 

The qualitative data on distribution 
show clearly that certain arrangements, 
even though they may be widely distrib- 
uted, are either rare or absent in certain 
sections of the range of the species. The 
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frequency data not only bear out this 
conclusion, but further show the existence 
of geographic frequency gradients such 
as those demonstrated for a number of 
the third chromosome arrangements in 
D. pseudoobscura by Dobzhansky (1944). 
This author has pointed out that in a spe- 
cies in which seasonal variation in gene 
arrangement frequencies has been found, 
such as D. pseudoobscura, one must nec- 
essarily be cautious in assuming that a 
frequency found in a sample taken at 
random as regards season is representa- 
tive of that particular geographical area. 
That large seasonal fluctuations of fre- 
quency of gene arrangements in D. ro- 
busta do not occur is strongly indicated by 
the results of an intensive month-to-month 
study of frequencies in a local population 
near St. Louis. Frequencies of most ar- 
rangements remained constant (Carson 
and Stalker, 1947), and it is therefore 
more likely that the geographical data 
presented here reveal frequencies which 
are characteristic of the region in question 
without regard to season. 

Two tendencies are shown by these 
gradients. Firstly, certain arrangements, 
as for instance 2R and its alternative, 
2R-1, appear to be universally distrib- 
uted, and, although 2R is everywhere the 
more frequent of the two, 2R-1 becomes 
relatively more and more frequent as one 
goes south (figure 8). In southern Ala- 
bama and Georgia it almost attains equal- 
ity with 2R. A second tendency, which 
may be merely an exaggerated expression 
of the first one, is illustrated by the fre- 
quencies of 21-3 (figure 7) and 3R (fig- 
ure 9). The frequency of 2L—3 is highest 
in the northern localities (e.g., 30.8 per 
cent at Mt. Vernon, Iowa) and declines 
rapidly to a fraction of one per cent at 
St. Louis. South of St. Louis it is un- 
known except for the qualitative record 
from Gatlinburg, Tennessee. 3R at first 
declines gradually from north to south, 
going from 92 per cent in Iowa to 56 per 
cent at Montauk, Missouri, then rapidly 
declines to complete absence in the south- 


ern states. 
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The frequency data presented in this 
paper form a rough transect of the species 
area from north to south, or more ex- 
actly, from northwest to southeast (ex- 
cept for Wooster, Ohio). For this reason, 
perhaps, the north-south clines that have 
been revealed may be unduly emphasized. 
Certain arrangements show no clear gra- 
dients from north to south. In at least 
one of these cases, that of XR—1, there 
is evidence of an east-west gradient in 
addition to an obscure one from north 
to south. XR-1 is highest in Iowa and 
drops not only to the south but also to the 
east, as is evidenced by its considerably 
lower frequency at Wooster, Ohio and its 
absence from the northeastern and south- 
eastern states. In this regard, it is in- 
teresting to note that those arrangements 
which show the clearest north-south gra- 
dients tend to be present in both the Iowa 
and Ohio populations in quite similar fre- 
quencies (e.g., 2R, 2R-1, 3R, 3R-1, and 
the arrangements in the left arm of chro- 
mosome 2) despite the fact that these two 
localities are over 500 miles apart. The 
possibility exists that regular gradients 
of frequency might be found for all of 
the widespread arrangements if the cor- 
rect physiographical and ecological trans- 
ects were made. 

An attempt.to interpret the present- 
day distribution of the gene arrangements 
in D. robusta in terms of population dy- 
namics and past history must of necessity 
be largely speculative, and the attempt is 
made here in the hope that certain prob- 
lems may be brought into focus and the 
path of future work indicated. Drosoph- 
ila robusta is a typically sylvan species, in- 
habiting the deciduous forest of eastern 
North America. It is clear that the range 
of ecological conditions met with by this 
species is much more restricted thari in the 
case of Drosophila pseudoobscura. D. 
robusta further differs from the latter 
species in having no very close relatives 
co-existing in the same or neighboring 
areas. There are no known neotropical 
members of the robusta group and the 
only other known member of the group 
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in the eastern United States is D. colorata. 
The latter species has not been the object 
of much study, but its chromosome group 
(Wharton, 1943) is quite different from 
that of robusta. The only other known 
member of the species group is D. sordi- 
dula, which is found in Japan and Korea 
(Kikkawa and Peng, 1938). The re- 
lationship of this species to robusta has 
not been studied, but Kikkawa and Peng 
state that it “resembles closely D. sulcata 
Sturtevant.” This probably refers to D. 
robusta. The impression given by these 
facts is that robusta is a conservative spe- 
cies, belonging to a group which, when 
compared with well-known species groups 
(e.g., pseudoobscura, virilis, affinis, quin- 
aria), shows very little speciation. 

It is tempting to suggest, on the basis of 
its range and general habitat, that the his- 
tory of D. robusta may be intimately con- 
nected with the history of the deciduous 
forest of the eastern United States. The 
striking similarities between the fauna 
and particularly the flora of eastern Asia 
and the eastern United States, with many 
modern genera and species showing dis- 
junct distributions in the two areas, have 
led to the widely accepted generalization 
that the biota of these areas were origi- 
nally segregates of a continuous holarctic 
forest which existed during the early part 
of the Tertiary period. This subject has 
been thoroughly reviewed by Cain (1944) 
and discussed by Patterson and Wagner 
(1943) and Stebbins (1945) in connec- 
tion with the geographical distribution of 
Drosophila. Although the exact ecologi- 
cal niche into which D. robusta fits is not 
known, it is probable that it is a moder- 
ately highly adapted and ancient member 
of this biota. 

If the above surmise is valid, one would 
expect to be able to interpret the present 
distribution of the gene arrangements of 
D. robusta in terms of the phenomena ac- 
companying dispersal of the species from 
Appalachian and Ozark refugia following 
the recession of the last Pleistocene ice 
sheet. Although these areas have not 
been adequately studied, it is suggestive 
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that in the general geographical area of 
these refugia, all major gene arrangements 
are present in the population (e.g., Gatlin- 
burg, Tennessee, and Missouri collec- 
tions). On the other hand, as one goes 
peripherally away from these regions, 
there tends to be either a decline or an 
increase in frequency, leading to the es- 
tablishment of a given arrangement as a 
more dominant element in the population 
or its gradual extinction. If the range 
of the species is divided into three gen- 
eral regions, the northern glaciated area, 
the central area which has been continu- 
ously habitable to flowering plants since 
the Cretaceous, and the coastal plain, it 
will be found that, of the 14 widely-dis- 
tributed arrangements, there is a median 
number of about 12 arrangements per 
locality in the central area. This may be 
compared to medians of 9 arrangements in 
localities from both the glaciated area and 
the coastal plain. 

In this connection, it may be well to 
point out that the selection of standard 
sequences in this species has not been en- 
tirely arbitrary. For example, all the se- 
quences in X-left and X-right, and three 
of the four sequences in 2-left are related 
directly to their respective standards, and 
cannot be derived from each other except 
through standard as an intermediate. The 
standards of these chromosomes may thus 
be truly ancestral; furthermore, all of 
them are found in the central part of the 
range of the species. 

In the colonization of new areas as the 
ice sheet receded, one can conceive of the 
movements of D. robusta as slow, for, 
despite their greater motility than plants, 
it is probable that the geographical spread 
of a highly adapted woods species would 
be attendant upon the spread of proper 
ecological conditions. The question must 
remain open until more data on the ecol- 
ogy of Drosophila robusta are available, 
but we tend to agree with Stebbins (1945) 
that long-range migration and colonization 
must not be taken for granted. Further- 
more, there seems to be nothing haphazard 
about the present-day distribution of the 













































gene arrangements; the establishment of 
gene arrangement clines could be most 
easily conceived of as a gradual, step- 
wise process. 

Wright and Dobzhansky (1946) and 
Dobzhansky (1947) have demonstrated 
the differential action of selection on flies 
homozygous and heterozygous for certain 
gene arrangements of D. pseudoobscura 
in breeding cages. These experiments 
reproduce in part the changes which take 
place in nature during the seasonal cycle 
and further show that the heterozygotes 
are selectively favored, a situation which 
leads to the establishment of a frequency 
equilibrium for certain arrangements un- 
der certain conditions. Although it may 
be dangerous to extrapolate from such 
seasonal equilibria to the apparently stable 
equilibria found in D. robusta, it is pos- 
sible that a fundamentally similar selec- 
tive process has operated, and continues 
to operate in the establishment and main- 
tenance of the latter. According to this 
view, the post-Pleistocene spread of D. 
robusta may be conceived as involving a 
gradual spreading of the flies into new 
areas, carrying with them preexisting gene 
sequences from the pool of arrangements 
in Pleistocene refugia. As this spread 
proceded, selection of heterozygotes could 
result in the fixation of the gene arrange- 
ment frequencies in the different areas at 
various eqilibria, depending on the type 
of genes trapped in the arrangement and 
the pressure of different ecological selec- 
tive factors. In the breeding cage experi- 
ments, selective response is obtained only 
when the flies are raised at a certain tem- 
perature. Temperature, however, is only 
one of a great number of little-known en- 
vironmental factors which could operate 
in a selective manner in nature. 
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SUMMARY 


The metaphase and salivary gland chro- 
mosome groups of Drosophila robusta are 
described. Metaphase complements of 
males and females are alike, showing 3 
pairs of V’s of decreasing sizes and a pair 
of microchromosomes. The largest V’s 
are the sex chromosomes. In addition to 
the 6 standard salivary gland chromosome 
arms, 13 other gene arrangements are 
known: 3 in XL, 3 in XR, 4 in 2L, 1 in 
2R, and 2 in the third chromosome. All 
are due to inversions, of which 2 are 
terminal and 2 are pericentric. One of 
the latter causes a detectable change in 
metaphase chromosome shape from a V 
toa J. 

Of these 19 arrangements, 4 are rare, 
each having been found in a different 
single locality only. Most of the other se- 
quences are widespread throughout the 
range of the species (eastern United 
States), but display gradients in fre- 
quency. These gradients are most clear 
from north to south; in some cases either 
complete dominance or the extinction of 
an arrangement is encountered. The pat- 
tern of geographical distribution of the 
gene arrangements is discussed and an 
attempt is made to relate modern distribu- 
tion with the presumed past history of 
the species. 
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Compound sex chromosomes (in which 
the X or Y comprises more than one com- 
ponent) * may prove to be very useful in 
certain evolutionary analyses, and their 
utility in this connection will become even 
greater when the mechanics of the kineto- 
chore have been worked out in detail. A 
survey of the occurrence of such chromo- 
some conditions will show them to be 
much more common in some groups than 
in others. Thus of the 65 animal species 
listed by White (1945) as having com- 
pound sex chromosomes, 28 belong to only 
two closely allied orders of insects, the 
Heteroptera and Homoptera. Such a dis- 
proportionate representation would seem 
to suggest special chromosome structure 
and this is almost certainly based to a large 
extent on the condition of the kineto- 
chore. 

Let us consider the occurrence of com- 
pound sex chromosomes in some other 
animals. In the arachnid order Araneida, 
all of the 13 species so far investigated 
show a compound X chromosome and it 
is quite possibly present in all modern spe- 
cies of spiders. It always exists as an X 
of 2 components whose meiotic behavior 
is quite uniform. Since we are dealing 
with representatives of 11 different fam- 
ilies of spiders we are obviously concerned 
not only with a sex chromosomal mech- 


1 The term was used in this sense as early 
as 1911 by E. B. Wilson. The name “multiple 
chromosome” was employed in 1917 by McClung 
to denote the combination resulting from the 
union ot two non-homologous chromosomes. 
Unfortunately, some workers now use these two 
terms in exactly the reverse sense. 
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anism of general occurrence in the order 
but also one that is of great stability. It 
is probable, as White points out, that this 
had its origin in the dim past for the evo- 
lution of the spiders can be traced back to 
the Devonian. A similar, albeit less strik- 
ing instance is encountered in the insect 
family Mantidae where at least 7 closely 
related species show an X,X,Y condition. 
The indications are strong that in such 
cases the compound sex chromosome 
mechanism arose in an ancestral form and 
has been transmitted with little or no al- 
teration to the many new species that have 
arisen from the original species. It is, at 
any rate, not a new development. 

To this the Heteroptera-Homoptera of- 
fer a distinct contrast, for all uniformity is 
lacking. Compound sex chromosomes 
may be of common occurrence in one fam- 
ily and rare or lacking in a closely re- 
lated one. Thus it is found in such widely 
separated heteropteran families as the 
Mesoveliidae and highly specialized Re- 
duviidae; whereas it has not yet been re- 
corded in,the Belostomidae and Corixidae. 
In the Reduviidae species with an ordi- 
nary XY mechanism exist side by side 
with species carrying an X of two, three, 
four, or five components. Moreover there 
is much variation in the different heterop- 
teran species with respect to the more de- 
tailed conformation and behavior of such 
compound sex chromosomes; the volume 
of the X as compared to that of the Y may 
differ in closely related species; in one 
species (Lygaeus equestris) it is the Y 
that is compound and not the X; in an- 
other (Syromastes marginatus) the Y is 
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completely lacking. In short, the evi- 
dence argues convincingly that in many 
of these forms the compound sex chro- 
mosome conditions are of recent origin 
and are probably still in a state of evolu- 
tionary flux. 


New Cases oF COMPOUND SEX 
CHROMOSOMES 


Among the heteropteran species with 
compound sex chromosomes listed by 
White (1945), the three species of Meta- 
podius (Wilson, 1909, 1910) with a Y 
comprising a variable number of compo- 
nents should be included. Further, three 
new cases of some interest can now be 
added : 

The first of these is Mesovelia furcata 
which, though reported by Ekblom in 
1941, escaped White’s notice due to war- 
time conditions. Ekblom states that there 
is a compound X of 4 components and-a 
single Y, but his identification of these is 
not conclusive since he did not study the 
chromosome complement of the female. 
Similarly, one would like to have more 
information on the diploid chromosome 
set of the male for Ekblom’s only figure 


of a spermatogonial plate is not very de- 
cisive. Nevertheless the circumstances 
of the case justify his general conclusion 
and there can be no doubt that he is deal- 
ing with a compound sex chromosome. 
No other species of the Mesoveliidae has 
yet been investigated cytologically. 

The second case is that of one of the 
Dysodiidae, Dysodius lunatus, for which, 
unfortunately, only male material is avail- 
able. The species was collected in Costa 
Rica. The spermatogonia carry 31 chro- 
mosomes (figure 1). The sex chromo- 
somes are heteropycnotic during the met- 
otic prophase and are associated with a 
large nucleolus during the confused pe- 
riod (figure 2). There are 17 chromo- 
somal bodies in the first metaphase (fig- 
ure 3) as well as 17 in the second meta- 
phase. In the latter the sex chromosomes 
undergo a “touch and go” pairing in the 
middle of the plate (figure 4) and sepa- 
rate to opposite poles in the ensuing di- 
vision—two going to one and the third 
to the other pole (figure 5). They evi- 
dently divide equationally in the first di- 
vision. I have interpreted them as com- 
prising an X of 2 components and a single 





Fics. 1-5: Dysodius lunatus. (Sex chromosomes shown in black) 


1. Spermatogonial metaphase showing 31 chromosomes; sex chromosomes 
not identifiable. 2. Confused stage with the heteropycnotic X,X:Y associ- 
ated with a nucleolus; the largest chromosome is the Y./ 3. First spermato- 
cyte metaphase; 14 bivalents + X: + X2+ Y; identification of sex chro- 
mosomes not certain. 4. Second spermatocyte metaphase; 14 + XiXY; 
sex chromosomes in touch and go pairing; Y on top. 5. Second spermato- 


cyte metaphase in side view to show orientation of sex chromosomes. 
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Y, but in default of female material such 
an identification cannot be considered as 
final. It is at least possible that we are 
dealing with a compound Y rather than a 
compound X. In any case, there can be 
no doubt that a compound sex chromo- 
some is present. 

Thus, the chromosomal history of Dy- 
sodius lunatus is as follows : 


Diploid (spermatogonia) 
=31=-2+X,+X.+ Y 
First metaphase 
= 17 = 14 bivalents + X, + X,+ Y 
Second metaphase 
=17=14+X,+X%,+Y 
Spermatids = 14+ X, + X, and 14+ Y 


Dysodius is a member of the Dysodi- 
idae, a family erected by Reuter in 1912. 
The family is evidently closely allied to 
the Aradidae under which it was formerly 
included. Surprisingly enough, no species 
in either of these highly interesting fam- 
ilies has hitherto been investigated cyto- 
logically. 

The conditions in the third form are 
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clear. This is the pentatomid Dinidor 
rufocinctus, of which two females and 
three males were collected in Costa Rica. 
The oogonial count is 22 (figure 6), the 
spermatogonial is 21 (figure 7). The 
sex chromosomes are heteropycnotic dur- 
ing the spermatocyte prophase and the 
first metaphase shows them in the middle 
of the plate, a position often shared with 
one or two of the smaller autosomal bi- 
valents (figure 8). The first division 
must be equational for all of the sex 
chromosomes, which then undergo a touch 
and go pairing in the middle of the sec- 
ond metaphase plate (figure 9). At this 
time the Y can be seen to be the smallest 
of the three, and the two components of 
the X differ only slightly from each other 
(figure 10). At other times such an iden- 
tification cannot be made with certainty 
because several of the autosomes are very 
close to the sex chromosome in size. In 
the second division both components of 
the X go to one pole and the Y to the 
other, giving two types of spermatids 
(figure 11). 


oem Sm ay 


Fics. 6-11. Dinidor rufocinctus. 


(Sex chromosomes in black) 


6. Oogonial metaphase showing 22 chromosomes; sex chromosomes not 


a 


identifiable. 7. Spermatogonial metaphase showing 21 chromosomes; sex 
chromosomes not identifiable with certainty. 8. First spermatocyte meta- 


phase; 9 bivalents + X, + X2 + Y. 


9. Second spermatocyte metaphase; 


9 + X,X:Y; sex chromosomes in touch and go pairing; X,; and Xz on top. 
10. Second spermatocyte metaphase or early anaphase in side view; X:X2 


and Y going to opposite poles. 11. 


Late anaphase of second spermatocyte 
showing the two sister spermatid groups, 9 + XX: and 9 4+ Y. 
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Thus the chromosomal history of Dini- 
dor rufocinctus is as follows: 


Diploid (female-oogonia) 
= 22 = 18 + 2X, + 2X, 
Diploid (male-spermatogonia ) 
=21=18+ X,+X,+ Y 
First spermatocyte = 12 = 9 bivalents + 
X,+X,+ Y 
Second spermatocyte 
=12=-9+X,+%,+Y 
Spermatids = 9 + X, + X, and 9+ Y 


Of the 80 odd species of the family Pen- 
tatomidae of which we have reliable cyto- 
logical information, only one other has 
a compound sex chromosome. This is 
Thyanta custator (Wilson, 1909) which 
belongs to the subfamily Pentatominae. 
However, the species here under discus- 
sion belongs to another and very distinct 
subfamily, the Dinidorinae which, gen- 
erally speaking, is tropical in habitat. The 
geographical distribution of this subfamily 


is rather strange, for of the 92 species ~ 


listed by Kirkaldy (1909) only 4 are Neo- 
tropical. All 4 belong to the genus Dini- 
dor, the only remaining species of which 
is mid-African. It is in the Ethiopian and 
Oriental regions that almost all the other 
genera and species of the Dinidorinae are 
also encountered, and their chromosomal 
conditions may throw some light on the 
evolutionary history of the subfamily. 


(GENERAL SURVEY OF THE HETEROPTERA 
AND HOMOPTERA 


Taking these additions into considera- 
tion, the following tables will serve to 
show the occurrence of compound sex 
chromosomes among the _heteropteran 
families so far investigated. The families 
in which only a single species has met 
with adequate cytological analysis are 
given in a separate column; italics desig- 
nate those in which species with compound 
sex chromosomes have been encountered. 

It thus appears that of the 19 families 
of Heteroptera which have had at least one 
of their members subjected to adequate 
cytological analysis, 10 are known to have 
some species with compound sex chro- 


Two or more species investigated One species investigated 


Belostomidae Saldidae 
Capsidae Gelastocoridae 
Corixidae Dysodiidae 
Gerridae Mesoveliidae 
Pyrrhocoridae 

Alydidae 

Notonectidae 

Miridae 

Nabidae?® 

Lygaeidae 

Coreidae 

Pentatomidae 

Reduviidae 

Nepidae 


Cimicidae 


mosomes. This is exclusive of the Noto- 
nectidae in which Browne (1916) re- 
ported one species—Notonecta indica— 
as showing an X that may be in process 
of becoming compound. Of the remain- 
ing 25 families as listed by Torre-Bueno 
in 1939 (no two hemipterologists seem 
to agree on the number or naming of 
heteropteran families) none has had a 
thorough cytological examination of any 
of its species. It is safe to predict that 
compound sex chromosomes will be found 
among them also. 

No such extensive investigation of the 
Homoptera has been made, though the 
available information would indicate that 
compound sex chromosomes do not oc- 
cur there so frequently. None have been 
reported from the Auchenorrhyncha or 
the Aleurodidae, while none of the Psyl- 
lidae has ever been investigated. But 
among the Aphididae, 4 species are known 
to have a compound X, and in the as- 
tonishing range of chromosomal behavior 
exhibited by various species of Coccidae 
there is included at least one case. That 
is Matsucoccus gallicolus which has an X 
of 6 components (Hughes-Schrader, in 
press). It is interesting to note that in 
none of these instances among the Ho- 
moptera is there a Y chromosome. 

To sum up, despite the smaller num- 
ber of cases of compound sex chromo- 


2 It should, however, be noted that Schachow’s 
report (1932, Zool. Anz. 75) of a compound in 
Reduviolus ferus is not entirely convincing. 
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somes among the Homoptera, they con- 
stitute with the closely allied Heteroptera 
a group in which such chromosomes are 
found with exceptional frequency. But 
this high incidence of occurrence is not 
as significant as is the great range in its 
form and manifestation, as well as the 
fact that species showing the most ex- 
treme modification of the sex chromosome 
configuration may exist side by side with 
allied species showing an orthodox XY 
configuration. It is in these aspects that 
an explanation for the difference in the 
chromosomal evolution between the Het- 
eroptera and the Araneida must be sought. 


GENERAL CONSIDERATIONS 


Why should compound sex chromo- 
somes occur with such extraordinary 
range and frequency in the Heteroptera 
and Homoptera? The answer would seem 
to lie primarily in the constitution of the 
kinetic organ of their chromosomes, the 
kinetochore, which in these two orders is 
of the diffuse type. In order to evaluate 
the significance of the kinetochore in the 
evolutionary maneuvers of chromosomes, 
a short survey of its role in the formation 
of compound sex chromosomes is in 
order. 

In most animals and plants, the chro- 
mosomes have a localized kinetochore, 
which is situated in a definite region of the 
chromosome body and is, at least during 
metaphase, sharply restricted in its size 
and extent. A chromosome which loses 
a kinetochore of this type is unable to form 
a chromosomal spindle fiber; it cannot 
take part in the mitotic movements at the 
time of cell division ; and it is thus doomed 
to disappear from the nucleus within a 
short time. Such a kinetochore imposes 
very special conditions on the formation 
of compound sex chromosomes as White 
(1941, 1945) has pointed out. Even in 
the simplest case there are involved more 
or less simultaneous breaks in one auto- 
some and in the X. This must then be 
followed by an interchange of such a sort 
that the kinetic fragment of each of these 
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chromosomes becomes united to the aki- 
netic fragment of the other. There result 
two different chromosomes each of which 
functions, at least in part, as an X chromo- 
some. Together with the unbroken auto- 
somal homologue which then represents'a 
Y they constitute an X,X,Y complex, and 
that is almost certainly the origin of the 
compound X in such forms as the Man- 
toidea and Saltatoria. In the Araneida a 
similar origin appears to have been fol- 
lowed by the loss of the Y. But obviously 
such an origin involves a concatenation 
of two or more independent events of a 
very definite type and hence does not 
occur frequently. 

But a sex chromosome of two or more 
components may also arise in other ways. 
Thus through some accident in the mitotic 
mechanism an extra X or Y may be added 
to the ordinary chromosome complement 
and these may in turn undergo fragmenta- 
tion and translocation. Such supernumer- 
aries will of course affect sex determina- 
tion, unless they be geneticaly inactive and 
such seems to be the case in most known 
instances. Thus the three species of Meta- 
podius (Acanthocephala) carrying a num- 
ber of Y chromosomes without any visible 
effect on the phenotype (Wilson, 1909, 
1910). Darlington (1940) interprets the 
extra sex chromosomes in Cimex as su- 
pernumerary X chromosomes and though 
it is not fully established that in this last 
named instance we are not dealing with 
extra Y chromosomes (Troedsson, 1944), 
the evidence indicates that supernumer- 
aries are involved in any case. This is 
also true of Nautococcus (Hughes- 
Schrader, 1942) though there they may 
not be sex chromosomes. 

Finally, if the kinetochore of the chro- 
mosome is diffuse and not confined to one 
locality, a compound sex chromosome may 
arise through the simple breakage or 
fragmentation of a single X or Y. Un- 
der such conditions chromosome frag- 
ments of various sizes may all carry 
enough of the kinetic element to enable 
them to undergo regular and normal mi- 
totic movements and no losses need occur. 
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In contrast to the involved maneuvers 
that must take place if a sex chromo- 
some with a localized kinetochore is to 
become compound, such a process is both 
simple and direct, and species with a dif- 
fuse kinetochore should give rise to com- 
pound chromosomes much more fre- 


quently. — 


That the chromosomes of both the 
Heteroptera and Homoptera carry such a 
diffuse kinetochore may be regarded as 
fully established. Studies of the behavior 
of these chromosomes during mitosis and 
meiosis (Schrader, 1935; Hughes-Schra- 
der, 1931, 1940, 1942: Troedsson, 1944) 
as well as the experimental analyses by 
Hughes-Schrader and Ris (1941) and 
Ris (1942) allow of no other conclusion. 
In fact the last named investigator has ac- 
tualy induced the formation of a compound 
sex chromosome through experimental 
means, by breaking the X of the aphid 
Tamalia into 2 and 3 pieces. During the 
period of observation these fragments be- 
haved quite normally during mitosis, but 
the information on their meiotic behavior 
is not complete. In short the frequency 
with which compound sex chromosomes 
occur in the Heteroptera-Homoptera is 
due, in large part, to this diffuse kineto- 
chore. 


SPECIAL CONSIDERATIONS 


The possession of a diffuse kinetic 
region should then be correlated with 
much variation of chromosome number 
and structure, and the amazing range in 
the chromosome behavior of some famil- 
ies, as for instance the Coccidae, would 
seem to justify this expectation. But not 
every heteropteran or homopteran family 
shows such chromosomal variability and 
in some, like the Corixidae, the chromo- 
some conditions are very uniform and 
there are no compound sex chromosomes 
at all. Such a conservatism implies that 
some factor is present to counteract the 
potentiality for variation that is inherent 
in the diffuse kinetochore. A possible ex- 
planation may be sought in the varying 
extent and degree of heteropycnosis, for 


some of our evidence indicates that a 
heteropycnotic chromosome or chromo- 
somal region is more easily broken than 
a euchromatic one. This also may ac- 
count for the seemingly more frequent 
fragmentation of sex chromosomes than 
of autosomes, for it must be remembered 
that in most of these species the sex chro- 
mosomes are persistently heteropycnotic 
throughout the meiotic prophase of the 
male. : 

A high frequency of chromosome breaks 
should also make possible an unusually 
high number of translocations or recom- 
binations of chromosome structure. But it 
must be considered that in the case of 
the diffuse kinetochore, chromosome frag- 
ments fully retain their mitotic functions 
and during the actual division they re- 
main in close proximity to each other and 
the rest of the chromosomes. Hence there 
is opportunity for a simple reunion of the 
two fragments of a given chromosome. and 
a reconstitution of its original structure. 
Except perhaps in the resting stage, the 
chances of such an immediate repair are 
less in the case of chromosomes with a 
localized kinetochore. There an akinetic 
fragment at once begins to lag behind in 
its progress to the pole and this delay, even 
if slight, will increase the interval during 
which breaks in other chromosomes may 
occur. Thus the chances of a union be- 
tween the pieces of nonhomologous chro- 
mosomes are increased. Nevertheless, 
combinations between nonhomologous 
chromosomes have occurred in the Heter- 
optera, and even the Pentatomidae, which 
may be regarded as comparatively con- 
servative, give evidence of such fusion 
processes. Several of its species depart 
from the common diploid number of 12 + 
X + Y to reconstitute numbers like 10 + 
X+Y and 8+X+/Y. The extreme 
case is Rhytidolomia senilis with 4 + X% + 
Y where the cytological conditions plainly 
indicate that a fusion has occurred at 
least between each of the two sex chro- 
mosomes and an autosome. The present 
X as well as the Y still show a markedly 
heteropycnotic half which is sharply de- 
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marcated from the euchromatic auto- 
somal half (Schrader, 1940). Another 
such extreme case of fusion seems to be 
represented in the Belostomidae by three 
closely related species of Lethocerus which 
have diploid sets of 30, 8, and 4 (Chicker- 
ing, 1927, 1932; Chickering and Ba- 
corn 1933). The mechanics involved in 
the fusion of chromosomes are. still 
obscure. McClintock’s (1939, 1941) re- 
cent experiments with Zea demonstrate 
that environmental conditions may de- 
cisively affect the union of broken chro- 
mosome ends (they fuse readily in the 
gametophyte and endosperm but not in 
the sporophyte). Indeed it is possible 
that in certain groups under special con- 
ditions, a fusion between unbroken chro- 
mosomes may occur as Federley (1943) 
has argued for certain hybrids in the Lep- 
idoptera. Obviously this cannot be a 
common occurrence under normal cir- 
cumstances, but the possibility should 
nevertheless be kept in mind. All in all 
it is clear that chromosome numbers alone 
do not furnish a valid basis for such con- 
clusions. A detailed cytological analysis 
is necessary in every case for it must be 
remembered that polyploidy and nondis- 
junction may also play a part, as for in- 
stance in the pentatomids Dinidor rufo- 
cinctus and Thyanta custator. 

However, so far as the compound sex 
chromosome is concerned, perhaps the 


Amost important controlling factor in its 


establishment arises at the time of the 
reduction division in the male. Any frag- 
ment or supernumerary may then be ex- 
pected to go to either pole at random and 
a compound sex chromosome thus _ be- 
comes altered very quickly by losses. But 
as we know, in the established cases all 
the components of an X or a Y go together 
to one pole although there are no visible 
bonds or interconnections between them 
to explain such unanimity of action. The 
lack of interconnections is also shown in 
the meiosis of the female where the vari- 
ous components evidence a complete in- 
dependence of each other and only the 
synapsis of homologues attests that there 
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is any relationship between them (Troeds- 
son, 1944). Clearly some mechanism, as 
yet unknown, must therefore direct this 
unified movement of chromosome frag- 
ments in the reduction of the male. Nor 
is this mechanism necessarily based on 
any interaction with a Y chromosome as 
has been suggested in recent years, for the 
components of the X in species like Syro- 
mastes and Matsucoccus regularly un- 
dergo such a movement in the absence of 
a Y. When the mechanism is absent or 
imperfect as it seems to be in the super- 
numeraries of Cimex (Slack, 1939; Dar- 
lington, 1939), irregularity of distribu- 
tion is the consequence. That means that 
even in species with a diffuse kinetochore 
a mere fragmentation does not suffice to 
establish a compound sex chromosome. 
There must in addition be some mechan- 
ism to direct its segregation at meiosis. 


Tue Dirruse KINETOCHORE 


It should be pointed out that there are 
two types of non-localized kinetochores 
which resemble each other in their mitotic 
effects but are different in detailed struc- 
ture and probably also in origin. One of 
these is the multiple kinetochore which is 
seen for instance in the germ cell chro- 
mosomes of Ascaris megalocephala. The 
major portion of such a chromosome is 
composed of a chain of much smaller chro- 
mosomes which have retained their kine- 
tochores. Each of these kinetochores still 
produces its own individual chromosomal 
spindle fiber, and the mitotic movement 
thus results from the joint action of many 
kinetic elements. As might be expected, 
a chromosome with such a multiple kineto- 
chore undergoes its anaphasic movement 
with its broad side directed toward the 
pole. 

Superficially, the difference between the 
multiple and the diffuse kinetochore is 
merely one of degree. If a diffuse kineto- 
chore is also composed of many smaller 
elements, these must be so small as to es- 
cape cytological observation. But the 
question is, did such a kinetochore arise 
by an alignment or seriation of small chro- 











mosomes each provided with a kineto- 
chore, or did it originate in some other 
way?’ In this connection it is interesting 
to note that in the opinion of Ekblom 
(1941) the more primitive families of 
the Heteroptera have higher chromosome 
numbers than the more specialized ones. 
But this generalization meets with too 
many exceptions to serve as a good work- 
ing hypothesis, entirely aside from the fact 
that in elucidating the history of the het- 
eropteran kinetochore one must recognize 
that it is just as diffuse in the primitive as 
it is in the specialized families. 

A different origin of the diffuse kinet- 


ochore is suggested by the significant: 


findings in Zea by Rhoades and Vilko- 
merson (1942), and in Secale by Prakken 
and Miintzing (1942) and by Ostergren 
and Prakken (1946). In these mono- 
cotyledons a localized kinetochore is nor- 
mally present but under certain conditions 
another region—terminal or subterminal 
—may also take on kinetic functions. 
Such secondary kinetochores can induce 
the formation of chromosomal spindle 
fibers and their activity unquestionably re- 
sults in a poleward traction on the part 
of the chromosome. Rhoades (in press) 
has further found that in the absence of 
the primary kinetochore there is no indi- 
cation of a functioning secondary kineto- 
chore, which would seem to indicate that 
the latter is in some way derived from the 
already established one. This is of in- 
terest in our present considerations for 
there is here a suggestion that a portion 
of the primary kinetochore may be trans- 
ferred to another region of the chromo- 
some and there become functional. This 
is not to say that the diffuse kinetochore 
has necessarily originated through the 
distribution of a localized kinetochore over 
the whole chromosome. In fact it is at 
least a possibility that the original or 
primitive type of kinetochore was diffuse 
and that it is the localized type that is de- 
rived and specialized. It is, at any rate, 
important from the evolutionary’ stand- 
point to realize that there may be inter- 
mediate forms between the extreme types 
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of kinetochore. To be sure that possibility 
is already implicit in the fact that.in the 
prophase chromosome even the localized 
kinetochore is much less compact than at 
metaphase (Schrader, 1936), and that it 
can be broken into two functional pieces 
(McClintock, 1932). 

Some reference should be made to the 
interesting conditions reported by Piza 
(1943 and earlier) in the scorpion Tityus 
bahiensis. In the mitosis of this species 
the chromosomes advance with their broad 
sides toward the poles, becoming some- 
what concave as they progress. Further, 
according to Piza, they tend to become 
pulled out at their ends and these at- 
tenuations are directed poleward. He 
interprets this as evidence for the presence 
of two terminal kinetochores in each chro- 
mosome and since he finds that some het- 
eropteran chromosomes also become con- 
cave during the anaphase he extends his 
conclusion to them as well. While it is 
well to keep such suggestions in mind it 
would seem more natural at present to re- 
gard the Tityus kinetochore as a multiple 
structure like that of Ascaris (Hughes- 
Schrader and Ris, 1941). This would 
derive support from the fact that in con- 
trast to- the 6 chromosomes of Tityus, 
nearly all other scorpions have high chro- 
mosome numbers (22 to upward of 100), 
as well as the finding that chromosome 
fragments remain mitotically functional. 
Piza’s findings concerning the behavior of 
the ends of the chromosomes may reflect 
some shift of kinetochore material such as 
has been already referred to in Zea and Se- 
cale. Piza concedes freely that chromoso- 
mal fibers are formed from the entire body 
of the chromosomes and not only. the ends, 
and this fact forces him to make the fol- 
lowing statement (1946, p..52) : “In chro- 
mosomes provided with a kinetochore at 
each end, the entire body may become ac- 
tive enough to produce chromosomal fi- 
bers. This is probably due to a more or 
less uniform distribution and concentra- 
tion of the active substance coming simul- 
taneously from both extremities.” This 
is tantamount to saying that we are 





dealing with a diffuse or a multiple kineto- 
chore with specially active terminal re- 
gions. It would seem that X ray ex- 
periments are called for to answer the 
questions concerning this interesting case. 

It is quite possible that the cytogeneti- 
cist’s conviction that kinetochores exist 
only in the localized form may have 
caused him to overlook other conditions 
of the kinetic organelle. This would be 
all the more easy to do since the rapid and 
convenient staining methods (aceto-car- 
mine and gentian violet) used by most 
modern workers stain the spindle fibers 
very poorly or not at all. It may well be 
that whole groups other than the Heter- 
optera and Homoptera are characterized 
by diffuse kinetochores and Federley 
(1943, 1945) believes that such is in- 
deed the case for the Lepidoptera. The 
anaphasic movement of lepidopteran chro- 
mosomes as well as the chromosomal 
vagaries and variation’ that he has en- 
countered in his hybridization experi- 
ments lend considerable support to his 
argument. In the Odonata also, investi- 


' gations directed specifically at the kinet- 


ochore may reveal some pertinent infor- 
mation. Although he has not considered 
the diffuse kinetochore in his elucidation 
of the cytology of that group, the excep- 
tional character of some of Oksala’s find- 
ings (1943, 1944, 1945) would seem to 
meet with a natural explanation if such 
a kinetochore were assumed to be present. 


CONCLUSION 


The frequency with which compound 
sex chromosomes occur in the Heter- 
optera and Homoptera is due to the fact 
that the chromosomes of these two insect 
orders are characterized by a diffuse kinet- 
ochore. A simple breakage of a sex chro- 
mosome with such a kinetochore would 
result directly in a compound sex chro- 
mosome. However, some regulation must 
have been evolved to control the distribu- 
tion of the components of such a chro- 
mosome in the reduction division. In 
considering the evolutionary cytology of 
animals and plants, the existence of kinet- 
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ochores other than the usually accepted 
localized type should obviously be kept 
in mind. 
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THE SPECIES WITHIN THE GROUP 


The guarani group of Drosophila was 
first recognized as a species group by 
Dobzhansky and Pavan (1943). Three 
new species, guarani, guaru and guara- 
munu described in their paper, and a 
fourth species, griseolineata, described by 
Duda (1925), were there classified to- 
gether as members of the subgenus Dro- 
sophila, “forming a natural group... 
not clearly related to any particular group 
so far known from the North-American 
fauna.” <A fifth species, subbadia, ob- 
viously belonging to the same group, was 
described from Mexico by Patterson 
(1943) who classified it as belonging to 
the subgenus Drosophila but not clearly 
related to any species or species group 
from North America. A culture of a 
sixth species, guarajd, was received from 
Brazil in October 1945 and was recently 
described (King, 1947). 

As a group, the species are of medium 
size. They are brownish in color but 
there are considerable differences in shade 
and intensity. There are two prominent 
oral bristles of approximately equal length. 
The mesonotum and pleurae are pollinose 
although the degree of pollinosity varies. 
The anterior scutellars are divergent. In 
all species except guarajd the cross veins 
are strongly clouded; in guarajd they are 
lightly so. The larvae of guarani have 
been observed to skip and larvae of at 
least some of the other species probably 
do likewise, but in no case is skipping very 
characteristic. The eggs are provided 
with four slender filaments. 

The six species fall naturally into two 
subgroups of three species each. This 
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division suggests itself on the basis of 
general appearance to anyone -who be- 
comes familiar with the group, and more 
intensive study of the morphology and 
habits of the species clearly confirms it. 
One subgroup contains the species guara- 
muni, griseolineata and guarajd. These 
species are very dark brown verging on 
black, and in general are smaller than 
those of the other suhgroup. In well fed 
and developed flies the abdomen is sphe- 
roidal. The eyes are a dark, dull red. 
A study of the male genitalia shows that 
the anal plates bear a number of un- 
differentiated bristles (figure 1). The 
anterior Malpighian tubes have a short 
common stalk and the posterior pair have 
their ends apposed but without a continu- 
ous lumen. 

The other subgroup contains the spe- 
cies guarani, guarv and subbadia, These 
species are slightly larger, are brown of 
lighter shades and have eyes which are 
brighter red. In well developed flies the 
abdomen is much more definitely elip- 
soidal. The anal plates of the males bear 
the undifferentiated bristles found in the 
species of the guaramuni subgroup, but 
at the ventral anterior corner they also 
bear, two on each plate, much larger, 
heavily pigmented and peculiarly curved 
bristles which look like bent spikes (fig- 
ure 2). These bristles can be seen on 
undissected flies with 10X lens and are 
very characteristic of the subgroup. The 
anterior Malpighian tubes of these species 
have a long common trunk, sometimes 
one-third of the entire length, and the 
posterior pair has the ends fused with.the 
formation of a continuous lumen. 
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Fic. 1. guwaramuni. Genital arch and anal plates. Fic. 2. gwuarani. 
Genital arch and anal plates. Fic. 3. gwaru. Phallic apparatus. Fic. 4. 
subbadia. Phaliic apparatus. Fic.5. guarani. Phallic apparatus. 


These differences of genitalia and of 
Malpighian tubes are very striking. Un- 
fortunately, there has been very little sys- 
tematic investigation of the male genitalia 
of Drosophila although they undoubtedly 
offer many good characters. Nothing 
similar to these anal spikes has been re- 
corded for any other species of the genus. 
Even more striking are the differences 
in Malpighian tubes. According to Stur- 
tevant (1942), in the entire subgenus 
Drosophila only two species, cardini and 
robusta, lack a continuous lumen between 
the two posterior tubes. It is an extremely 
interesting fact that a group of six species 
so obviously related should fall into two 
subgroups which differ so markedly in 
genitalia and in so fundamental a character 
as the morphology of the Malpighian 
tubes. 

No careful observer would be likely to 
confuse live flies of any species within 
one subgroup with live flies of any species 
of the other. Within the subgroups, how- 
ever, identification is much more difficult. 
Within the guaramunt subgroup, griseo- 


lineata can easily be distinguished from the 
other two species by the longitudinal 
stripes on the mesonotum. To distinguish 
guaramuni from guarajd is more difficult. 
The best basis for determination is the 
difference in the clouding of the cross 
veins. Aside from this, there are differ- 
ences in the paler abdominal markings 
but these are very difficult to use in the 
case of any material except well devel- 
oped live flies. Since only one strain of 
each of these species is at present avail- 
able, there is some doubt whether the 
clouding of the cross veins differs consist- 
ently in all populations. If it does not, 
it is hard to see how pinned specimens 
of the two species could be accurately de- 
termined. 

Within the guarani subgroup species 
identification is even more difficult. 
There are differences in the abdominal 
markings. The brown stripes which are 
usual on tergite four of guarani and sub- 
badia are generally replaced in guaru by 
a series of spots, one at the base of each 
bristle. The stripes on all the tergites 
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are wider in subbadia than in guarani or 
guaru. But these are only average differ- 
ences and some indivduals are very diff- 
cult to determine with certainty. The 
difficulty is accentuated if one is trying to 
determine flies of different ages because 
older flies tend to be more heavily pig- 
mented, and in pinned specimens with 
shrunken abdomens these characters 
would be of little value. There are also 
slight differences in eye color, guar hav- 
ing the brighest eyes, subbadia the darkest, 
and guarani eyes of an intermediate shade. 
But in a mixture of flies of different ages 
these differences melt away. What is 
more confusing, eye color does not seem 
to be constant in different strains of 
guaru. Two stocks of guari have been 
examined, one from Amalia and one from 
Bertioga. The first of these has eyes of a 
very bright shade, but the other has dis- 
tinctly darker eyes which cannot consist- 
ently be distinguished from those of 
guarani. 

The male genitalia of the three species 
show some differences. Between guari 
and subbadia there is a difference in the 
shape of the phallus. In guart (figure 3) 
it is narrowly conical tapering uniformly 
from one end to the other. In subbadia 
(figure 4) it is slightly constricted near 
the broad distal end. In guarani (figure 
5) it is generally narrower and the distal 
end is no broader than the central portion. 
In guarani also there is a more heavily 
sclerotized area in the membrane connect- 
ing the phallus with the eighth tergite. 
This is absent in guart and subbadia. 

On the whole, live flies of the three 
species of the guarani subgroup are barely 
distinguishable morphologically. It is 
quite impossible to distinguish pinned 
specimens. And there is a likelihood that 
even the subtle characters on which deter- 
mination can be made may vary from pop- 
ulation to population within each species. 
It is interesting to notice that in general 
aspect guarani appears to be intermediate 
between guart and subbadia, that on the 
basis of male genitalia guaru and subbadia 
are more alike, and that on the basis of 


the metaphase chromosomes guarani and 
subbadia resemble each other more closely. 

All six species of the guarani group are 
neotropical in range. Guaramunit, gua- 
raja, guar and guarani all have been col- 
lected only in southeastern Brazil in the 
general vicinity of Sao Paulo and Rio dé 
Janeiro. Griseolineata was described by 
Duda from a specimen collected at Mapiri, 
Bolivia, but was collected by Dobzhansky 
and Pavan in the state of Sao Paulo and 
in the Federal District in 1943. Subbadia 
has been collected only at two points 
within the state of Michoacan, central 
Mexico. It is worth noting that although 
Dobzhansky and Pavan collected exten- 
sively in the Amazon valley in the sum- 
mer of 1943, no species of the group was 
encountered there and that no species of 
the group has ever been reported from the 
West Indies, southern United States or 
Northeastern Mexico. 


SEXUAL ISOLATION 


In making an analysis of the relation- 
ships between similar species one of the 
most obvious experiments, and in the case 
of Drosophila one of the easiest, is to at- 
tempt to effect interspecific crosses. One 
has merely to place virgin females of one 


species in a culture bottle with males of. 


another species. With flies of the guarani 
group one must transfer the flies thus 
placed together to a fresh culture bottle 
every three or four days to prevent the 
flies from getting stuck in the fermenting 
food medium. Such crosses have been at- 
tempted with various combinations within 
the group and hybrids were obtained only 
in those crosses involving the species 
guart and subbadia. These crosses will 
be described in detail below. Since hy- 
brids were obtained only between guari 
and subbadia, further investigation was 
undertaken to determine whether in those 
combinations which produced no offspring 
there was cross insemination or whether 
the flies of the two species refused to mate. 
To determine this the females from the 
interspecific crosses were dissected after 
four or five weeks with males of a differ- 
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ent species to see whether any insemina- 
tion had taken place. 

In no case was a single interspecific in- 
semination found in a combination in- 
volving males of the guarani subgroup 
with females of the guaramunu subgroup 
or vice versa. Furthermore, no inter- 
specific inseminations were ever found to 
have taken place within the guaramunu 
subgroup. In gther words the flies of the 
three species of the guaramunu subgroup 
are effectively isolated from the flies of 
the guarani subgroup and from each other. 

Within the guarani subgroup, however, 
the story is quite different. The only com- 
bination here which has never produced 
an interspecific insemination is that of 
guaru females and guarani males. This 
combination showed no inseminated fe- 
males even after the flies had been left 
together for five weeks. In the reciprocal 
combination a substantial number of fe- 
males, but not all of them, was found to 
have been inseminated after four weeks. 
In the remaining four possible combina- 
tions, i.e., those involving subbadia with 
either guar or guarani, insemination is 
substantially complete after three or four 
weeks. Thus within the guarani subgroup 
only guart females and guarani males are 
reproductively isolated for the reason that 
matings of this character do not take place. 
In all other combinations within the sub- 
group interspecific matings can occur and 
some other processes stand in the way of 
interspecific amalgamation. 

All the cases of interspecific insemina- 
tions so far discussed have taken place 
in culture bottles where females of one 
species and males of another were con- 
fined. Such a situation is of course a 
highly artificial one. Nothing approxi- 
mating it is likely to occur in nature. 
Nevertheless, it tells us that interspecific 
copulations can be induced in at least 
five of the six possible combinations with- 
in the guarani subgroup. Would such 
interspecific matings take place if males 
and females of both of the species in- 
volved were available to each other? It 
is of course impossible to reproduce in 
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the laboratory the natural environment 
of any species in all its details, least of 
all by confining thirty flies in a 32 ml. 
shell vial. One can, however, throw more 
light on the mating behavior of a group 
of species imperfectly isolated from each 
other by employing the technique of 
multiple choice (Dobzhansky and Mayr, 
1944). 

This technique consists of placing fe- 
males of two species and males of one of 
the species together in a small container 
and then dissecting the females after an 


_ appropriate time. Thus the males “are 


given a choice of mates’ and by com- 
paring the number of homogamic with 
the number of heterogamic inseminations 
one can get a measure of the “sexual 
preference” of the males. Actually, of 
course, what is arrived at is a measure of 
the probability that a mating which takes 
place under the conditions of the experi- 
ment will be homogamic or heterogamic. 
Whether one of the males mates with a 
female of his own species or with one of 
the other is not the result of a “choice” on 
his part but the result of a chain of inter- 
dependent stimuli and reactions between 
the male and the female which have 
eventuated in copulation. Therefore, the 
results obtained from these experiments 
give quite as definite evidence concerning 
the sexual behavior of the females as of 
the males. Nevertheless, it would be in- 
teresting if the experiments could also be 
carried out with males of two different 
species and females of one. One cannot 
say a priori that these would give the 
same measure of sexual isolation between 
two species as the experiments which have 
been carried out. Unfortunately, such 
experiments are not practical for dis- 
section of the females can reveal the num- 
ber inseminated but could not identify the 
specific origin of the sperm. Until some- 
one devises a workable technique for get- 
ting around this difficulty, it will be 
necessary to be content with “sexual pref- 
erence” data obtained from vials contain- 
ing two kinds of females and one kind of 
male. 
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Experiments of this sort were carried 
out by placing twenty females, ten of one 
species and ten of another, along with 
five males of one or the other species in a 
4 X linch vial. The flies were taken from 
culture bottles within twenty-four hours 
of eclosion and then aged separately for 
ten days before being introduced into the 
experimental vials. It was found that at 
temperatures ranging from 18° to 20° 
they had to be left in these vials for about 
thirty-six hours in order to achieve ap- 
proximately 50 per cent of homogamic 
matings. The results of these experi- 
ments are shown in table I. 

As might have been expected, guarani 
males which never inseminated any guari 
females when confined with them alone, 
do not inseminate guar females when 
confined with a mixture of guaré and 
guarani females. Guart males, although 
they inseminate some guarani females af- 
ter they have been confined with them 
alone for long periods, do not inseminate 
guarani females when confined with a 
mixture of guarani and guarté females. 
Thus guar and guarani appear to be ef- 
fectively isolated from each other. One 
can reasonably infer that when individuals 


of both sexes of both species are present, 
interspecific matings do not take place. 
The isolation index between these species 
is 1.0, the figure obtained by dividing the 
difference between the number of homo- 
gamic and heterogamic matings by the 
sum of the two. 

In the other four possible combinations 
a different state of affairs obtains. In all 
of these we get some heterogamic as well 
as homogamic matings. The ratios be- 
tween the two vary from an index of .94 
in the case of subbadia and guarani fe- 
males with guarani males to .10 in the 
case of guaru and subbadia females with 
subbadia males. The former of these is 
very near to complete isolation ; the latter 
very near to no isolation at all, i.e., com- 
pletely random mating. In all four com- 
binations isolation is incomplete and there 
is a theoretical possibility of interspecific 
exchange of genes unless this is effectively 
prevented by some such phenomenon as 
failure of fertilization, failure of develop- 
ment or hybrid sterility. 


THE guaru-subbadia HysBrips 


Among the six possible interspecific 
combinations within the guarani subgroup 




















TABLE I 
Females Males Homogamic Heterogamic x? P Index 
guart guarant No heterogamic insemination recorded 1.00 
guarant 
guarant guaru No heterogamic insemination in mixed 1.00 
guart vials ' 

n % n % 

subbadia guarant 148 59.5 150 2.0 116.1 01 94 
guarant 
subbadia guart 186 41.4 184 10.3 46.2 01 60 
guart 
guarani subbadia 90 32.2 90 10.0 13.3 01 53 
subbadia 
guart subbadia 197 45.2 198 36.9 2.8 .05-.10 .10 
subbadia 






























































the only one which has never produced 
cross insemination is that of guaru fe- 
males and guarani males. However, only 
two of the combinations have ever pro- 
duced hybrid offspring: those involving 
guaru males or females with subbadia 
males or females. In those cases where 
interspecific insemination occurs but where 
no offspring are produced, it is not known 
at exactly what point the normal repro- 
ductive process breaks down. The eggs 
from such crosses never hatch and none 
has ever been found with anything re- 
sembling a developing larva within it. 
If fertilization takes place and develop- 
ment begins, it must be arrested at a very 
early stage. 

When guarti females and subbadia 
males are placed together, eggs are laid 
and begin to hatch just as would be the 
case in a culture of either pure species. 
The iarvae develop and pupate normally 
and the adults emerge in at least as great 
numbers as in cultures of either pure spe- 
cies. These hybrid flies are intermediate 
as to abdominal markings. Their eyes 
are bright red like those of guart. They 
are even more pollinose than either parent. 
A longitudinal striping of the thorax 
which is often faintly indicated in the pure 
species 1s somewhat more plainly indi- 
cated in the hybrids. This striping is 
reminiscent of the pattern which is char- 
acteristic of griseolineata where it occurs 
with much greater contrast and clarity. 
The differences between the hybrids and 
the parents are essentially differences of 
degree and most of them vary with age. 
It is very difficult to determine accurately 
individual flies of the same age, and if 
flies of different ages are mixed together, 
it is impossible to be sure which are hy- 
brids and which are pure guaru or pure 
subbadia. 

Superficially the hybrid flies appear to 
be normal in every way. No careful meas- 
urements of wing or body length have 
been made, but inspection clearly shows 
that the hybrids are not smaller than the 
parent species. In fact they often appear 
to be slightly larger. Copulations between 
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hybrid males and females have been ob- 
served in the culture bottles. The fact re- 
mains, however, that cultures of these F, 
flies produce no offspring. The females, 
even those which have been observed in 
copulation, show, when dissected, no 
sperm in either the spermathecae or the 
ventral receptacle. Microscopic exami- 
nation of the testes of the males shows that 
what appears to be mature sperm exists 
in somewhat disarranged bundles in the 
median coils of the testes, but that in the 
lower coils this is replaced by a granular 
liquid which fills the ducts as far as the 
sperm pump. Evidently sperm develops 
to an advanced state and then completely 
degenerates. 

That the failure of the F, flies to pro- 
duce offspring is the result of male steril- 
ity -is finally demonstrated by the fact 
that the females are fertile in back-crosses 
to males of either pure species. The prog- 
eny of such back-crosses contain at least 
some fertile males, for cultures of them 
produce offspring. Further back-crossing 
produces what appear to be normally fer- 
tile flies. The bright red eyes of guaru 
appear even in the progeny of the first 
back-cross to a subbadia male, but in these 
flies the eyes darken with time to become 
subbadia-like. 

When the original cross is made be- 
tween subbadia females and guaru males, 
the results are somewhat different. Very 
few eggs hatch. No accurate count has 
been made but at least ninety per cent of 
the eggs produce nothing. Of the larvae 
which hatch there are at least two classes. 
One develops normally, pupates and gives 
flies which are indistinguishable in every 
way from hybrid flies of the reciprocal 
cross. They cannot be distinguished mor- 
phologically and their fertility is pre- 
cisely the same. The other class of larvae 
looks sick as it grows and it dies before 
pupation. Dissection of these obviously 
abnormal larvae discloses profound or- 
ganic malformations. There is no trace 
of imaginal discs and the nervous system 
is strikingly abnormal. The hemispheres 
of the brain are very small and the 











ganglia of the ventral chain are elongated 
to form two thin, slightly sinuous rods 
closely pressed together. It appears that 
in these larvae the factors which influence 
or determine the development of adult 
characters are gravely upset. No imagi- 
nal discs are developed and the nervous 
system elongated precociously but in- 
effectively. 

It is hard to escape the conclusion that 
these startling and gross disturbances 
are attributable to the interaction of the 
subbadia-guaru chromosomes and the cy- 
toplasm of the subbadia egg. The female 
hybrids of both crosses must be chromo- 
somally identical. The males differ, of 
course, in the Y which they carry. Since 
the adult hybrids from the subbadia-guari 
cross show nothing abnormal in sex ratio, 
it seems reasonable, although not ab- 
solutely necessary, to conclude that the 
abnormal larvae which die before pupation 
include individuals of both sexes. If they 
do include females, the only possible rea- 
son why such individuals should develop 
abnormally must be that the chromosome 
set which develops normally in the guari 
egg develops abnormally in a certain per- 
centage of cases when it finds itself in a 
subbadia egg. 

In summary, although hybrids between 
guart and subbadia can be obtained in 
large numbers with relative ease, there 
are facts which would tend to slow up 
the fusion of the two species. Matings 
between subbadia females and guartt males 
produce very few offspring. Matings be- 
tween guar females and subbadia males 
produce as many offspring as matings 
within either species, but all the males are 
sterile. Therefore interspecific matings 
are at a distinct disadvantage as compared 
with intraspecific matings. On the aver- 
age an interspecific mating produces about 
one-quarter the number of fertile offspring 
of an intraspecific mating and all of them 
are females. Such a situation makes pos- 
sible, however, some gene exchange be- 
tween the species. Whether this would 
result in eventual amalgamation, it is 
impossible to say. 
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THE guaru-subbadia-guarani Hysrips 


Hybrid females from the guarti-sub- 
badia cross or its reciprocal are fertile not 
only in back-crosses to males of either 


‘pure species, but also to a limited extent 


when mated with guarani males. Such 
cultures produce approximately as many 
larvae and flies as do cultures of subbadia 
females and guart males, i.e., from 1 to 
10 per bottle as compared with approxi- 
mately two hundred per bottle in cultures 
of the pure species or the guart-subbadia 
cross. This means, of course, that the 
great majority of eggs does not hatch. 
Eggs which do hatch, however, appear to 
give viable larvae. No such abnormal 
larvae as those found in the subbadia- 
guar cross have been noted. 

The most striking abnormality about 
the offspring of this hybrid-guarani mat- 
ing is the ratio of the sexes. Only about 
four per cent of these triple hybrids are 
females ; the rest are males. Out of three 
hundred and twenty-seven flies from nine 
different mass matings only fourteen were 
females. Both sexes have proved to be 
completely sterile when mated to each 
other or to males or females of any of the 
three pure species involved. Examination 
of the testes of the males shows them to 
be slightly more slender than those of 
guarani males and they contain no normal 
sperm. Instead of the smooth, neatly 
oriented bundles seen in the pure species, 
there is merely a granular mass with some 
completely unoriented fibrous lumps scat- 
tered through it. As might be expected, 
spermatogenesis appears to be more com- 
pletely upset in these triple hybrids than 
in the hybrids between guart and sub- 
badia. The females, although sterile, 
have apparently normal ovaries and lay 
apparently normal eggs which never hatch. 

As has been noted elsewhere (King 
1947) only a limited number of the pos- 
sible chromosomal combinations have 
been observed in preparations of the 
brains of the larvae of these triple hy- 
brids. This strongly suggests that only 
certain combinations of chromosomes pro- 
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duce viable zygotes. The practical ab- 
sence of females seems to indicate an in- 
compatibility between the guarani X and 
the X of either guarti or subbadia. The 
few females which are produced may be 
the result of unusual gene combinations 
which allow development to proceed or 
they may very likely be XXY individuals 
produced when a Y-hearing guarani sperm 
fertilizes an egg in which nondisjunction 
has left two guart or two subbadia X’s in 
the nucleus. 

Phenotypicaliy the triple hybrids re- 
semble very closely the guaru-subbadia 
hybrids which, in turn, are very close to 
flies of the pure species guarani. The 
eyes of the triple hybrids may be slightly 
brighter than those of guarani but this 
difference is certainly not great enough to 
make it possible to determine individual 
flies with any degree of accuracy. 

From these data it is clear that guarani 
must be phylogenetically very close to 
both guar and subbadia. Otherwise it 
would not be possible to get viable in- 
dividuals which possessed chromosome 
complements drawn from all three spe- 
cies. It is also clear, however, that while 
there may be gene exchange between 
guaru and subbadia, there can be none 
with guaranit Pure guarani will hybridize 
with neither guar nor subbadia, and while 
it will hybridize with the guarti-subbadia 
hybrid, the offspring of such a cross are 
completely sterile. Thus guarani appears 
to stand in complete isolation from the 
other two species. 


DISCUSSION 


The guarani group affords an example 
of six closely related species of Dro- 
sophila with varying degrees of diverg- 
ence between them. The six species fall 
into two subgroups of three species each, 
which are reasonably distinct from each 
other morphologically and between which 
there is complete and effective reproductive 
isolation. Within each subgroup the mor- 
phological distinctions between species 
become very fine. In fact in pinned ma- 
terial it is doubtful if any species except 
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griseolineata with its clearly striped thorax 
could be distinguished from the other 
species of its own subgroup. Within the 
guaramuni subgroup the three species 
appear to be as effectively isolated from 
each other reproductively as they are 
from the species of the guarani subgroup. 
Within the guarani subgroup not only are 
the morphological distinctions imperfect 
but the reproductive isolation is also in- 
complete. 

If we knew only the guaramuni sub- 
group, we should undoubtedly make the 
deduction that the three species had at 
one time constituted a single species, one 
interbreeding population, and that this 
one population had through time been 
broken up into three populations, each of 
which had become reproductively isolated 
and to some degree morphologically dis- 
tinct. The evidence for this conclusion, 
while strong, is inferential, not direct. 
The data available on the guarani sub- 
group are even stronger evidence in favor 
of the reality of the process of division of 
populations into separate species. Here 
three populations with very slight morpho- 
logical differences are so nearly identical 
in genome that individual zygotes contain- 
ing chromosomes drawn from all three can 
develop normally. One of these popula- 
tions has achieved reproductive isolation 
from the other two, but the two remain- 
ing ones are very imperfectly isolated from 
each other. Here we can see the process 
of speciation going on. 

In order for a single interbreeding pop- 
ulation to split into two or more species, 
two deyelopments must take place. A 
part of the population myst come to differ 
in genetic make-up from another part, 
and the two portions of the population 
thus differing must become reproductively 
isolated. When these two developments 
have occured, speciation has taken place. 
In all populations there is of course gen- 
etic variation from place to place and from 
time to time, but in the absence of bar- 
riers to random mating such variation 
tends to fluctuate throughout the popula- 
tion as a whole. Where barriers to pan- 
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mixia do exist, the genetic compositions 
of populations thus kept apart will tend 
to diverge, partly as a result of selection, 
partly as a result of chance, and partly 
because they were probably not identical 
to begin with. Such barriers may be of 
many kinds: impassable terrain, sharp 
ecological changes or sheer distance which 
sometimes accounts for genetic differences 
between the extreme ends of the range 
of a species. Cases of the latter are, of 
course, most strikingly afforded by “rings 
of races.” Whatever the type of barrier 
which effectively isolates one segment of 
a population from another, the type of 
genetic divergence which is of primary 
importance in the process is that which 
results in hybrid disability of some kind 
when individuals of the two populations 
come together and mate. If the hybrids 
have no disabilities, the two populations 
could easily amalgamate if the barrier 
should be removed and would quite prob- 
ably do so. 

The other development, that of sexual 
isolation, is undoubtedly merely a special 
case of genetic divergence. Experiments 
have shown that in D. willistont (Dob- 
zhansky and Mayr, 1944), in D. sturte- 
vant (Dobzhansky, 1944) and in D. pro- 
saltans (Dobzhansky and_ Streisinger, 
1944) different geographical strains of 
the same species differ in the degree of 
sexual isolation which they show toward 
each other. Nevertheless, the achievement 
of sexual isolation is so important for the 
process of speciation that it may well be 
singled out as a special development. 

The question naturally presents itself: 
Do hybrid disability and sexual isolation 
develop as a single process or are they 
independent? As between gwar and 
subbadia certainly very severe hybrid dis- 
abilities exiSt although there is only a 
slight degree of sexual isolation. Among 
certain other animals, such as ducks and 
pheasants, perfectly good species with 
complete sexual isolation exist although 
when hybrids are produced they appear 
to have no disabilities. Apparently either 
development can take place without the 


other although, at least among animals, 
they are usually found together. 

Let us imagine that two segments of a 
population which were formerly continu- 
ous have been isolated for many genera- 
tions and then the barrier between them 
is removed. If hybrids between them are 
at no disadvantage, and if mating-is at 
random, the two populations will merge 
and any genetic differences which may 
have arisen during their isolation will be 
recombined at random throughout the 
newly integrated unit. Suppose that in- 
stead of mating at random, however, 
strong sexual isolation amounting to an 
index of 1.0 had developed between the 
two populations during their isolation. 
Then the two could exist side by side as 
good sympatric species even though hy- 
brids between them might have no dis- 
abilities. Such a situation would seem 
most likely to arise in animals which had 
elaborate or complicated courtship. pat- 
terns. Something of this sort probably 
explains the situation which exists among 
the ducks and pheasants. | 

Suppose on the other hand that hybrids 
between the two formerly isolated popula- 
tions are completely sterile and that be- 
tween the two populations there is an 
index of sexual isolation of — 1.0, ie., 
matings are always between an individual 
of one population and an individual of 
the other. While such a situation is cer- 
tainly most unlikely to arise in fact, the 
effect that it would have is quite clear. 
In one generation it would wipe out both 
populations. If the hybrid sterility were 
not absolute and if the negative index of 
sexual isolation were something less than 
one, the two populations would not neces- 
sarily be wiped out but they would cer- 
tainly both be reduced. 

Suppose, as a fourth possibility, that 
hybrid disability is only partial and that 
the index of sexual isolation is positive 
but less than 1.0. There are more intra- 
group than inter-group matings and the 
offspring of the latter are at a disadvan- 
tage. In such a situation it seems quite 
clear that flies displaying no sexual pref- 





erence for their own group would be se- 
lected against. They would be more 
likely to become involved in exogamous 
unions and their offspring would be fewer, 
weaker, less prolific or all three. Flies 
displaying a preference for mates of their 
own group would be at an advantage, for 
their offspring would come to constitute 
a larger and larger percentage of the 
population generation after generation. 
Therefore, the isolation index of each 
population would be driven upward by 
selection and the amount of gene exchangé 
between the two populations would de- 
crease. The more the gene exchange was 
reduced, the greater the genetic divergence 
between the two groups would become and 
the hybrid disabilities would probably in- 
crease. This, in turn, would increase the 
selective advantage of flies which pre- 
ferred to mate with others of their own 
group and the process would tend to ac- 
celerate like a snowball rolling down hill. 
The end result would be the achievement 
of a positive index of sexual isolation of 
1.0 and the consequent elimination of 
gene exchange. From that point on, of 
course, the genetic composition of each 
of the new species would change and de- 
velop in complete independence of the 
other. 

How does the guarani subgroup fit 
the hypothetical situation just described ? 
It consists of three populations which un- 
doubtedly were formerly parts of one 
interbreeding unit. Two of these popula- 
tions, guaru and guarani, are effectively 
isolated reproductively. It is significant 
that these two populations are sympatric, 
both living in the vicinity of Sao Paulo. 
The third population is not completely 
isolated from the other two. In the case 
of subbadia males in the presence of guari 
and subbadia females there is very little 
evidence of any isolation. It is signifi- 
cant that subbadia, the population which 
is not isolated sexually from the other two, 
is allopatric to them, living in Mexico 
where its genetic structure is presumably 
unaffected by the existence of its distant 
relatives in far-off southern Brazil. 
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It is hard to escape the conclusion that 
the isolation index of 1.0 between guari 
and guarani is the result of selection 
through which flies displaying no prefer- 
ence toward mating with their own group 
have been eliminated. Since neither 
guar nor guarani was in all probability 
ever in contact with subbadia before their 
meeting in the laboratory, selection was 
never able to build up a sexual isolation 
between them. The table shows that the 
index of isolation is lowest in those com- 
binations in which the subbadia male is 
involved. This seems to indicate that 
sexual isolation is largely a matter of male 
behavior. But this is very probably an 
erroneous inference. It must be re- 
membered that the experiments were al- 
ways set up in such a way that two types 
of females and one type of male were to- 
gether. If results of experiments involv- 
ing two kinds of males and one kind of 
female were available, they might change 
the picture. It would also be interesting 
to have data on the degree of sexual isola- 
tion between other strains of the three 
species collected at different localities. 

The important fact is that guari and 
guarani are effectively isolated while sub- 
badia is only imperfectly isolated from 
guarani or guart. Certainly the data 
point strongly toward the conclusion that 
selection can play an important role in 
increasing sexual isolation between pop- 
ulations which have reached a certain de- 
gree of genetic dissimilarity. This is not 
to say, however, that sexual isolation be- 
tween two species is always built up in 
this manner or that it may not develop 
in two populations in complete isolation. 
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SUM MARY 


The six species of the guarani group 
of Drosophila are compared as to mor- 
phology, sexual isolation, and the ability 
to hybridize. The data on all three char- 
acters coincide in indicating the existence 
of two subgroups of three species each, 
in one of which the species are much less 
completely differentiated than in the other. 
The data on sexual isolation strongly 
suggest that when two populations which 
have differentiated genetically in isola- 
tion to a point where there is definite hy- 
brid disability are brought together, selec- 
tion increases the sexual isolation and 
tends to drive it to completion. 
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Since the beginning of the science, ver- 
tebrate paleontologists have tended to 
work on the forms that were the largest, 
or the most spectacular, or the most closely 
related to man. As rodents fall in none 
of these categories, they have been badly 
neglected. From the point of view of 
studies in evolution, however, the rodents 
are among the most important orders of 
mammals. There are several reasons for 
this: rodents now make up about two- 
thirds of the number of mammalian species 
in the world, and there is every evidence 
that they have been equally abundant 
throughout most of the Tertiary; the ro- 
dents, being a single order of such great 
size, illustrate parallelism and convergence 
in evolution better than any other group 
of mammals; and the rodents will eventu- 
aly permit a tie-in, not otherwise possible, 
between genetics and paleontology. 


RODENT CLASSIFICATION 


This paper discusses certain problems 
related to rodent evolution, existing 
largely because of the paucity of our 
knowledge of the history of the rodents. 
The initial problems involve the classifi- 
cation and relationships of the order. 
Nothing can be stated as to the origin of 
the rodents, other than that they appear 
to have separated from the basal placental 
stock, probably not later than the end of 
the Cretaceous. There are perhaps four 
major suborders: the ancestral stock, or 
Protrogomorpha; the squirrels or Sciuro- 
morpha ; the rats or Myomorpha; and the 
porcupines or Hystricomorpha. 

The Protrogomorpha' consist of about 


1As pointed out by Simpson (1945, p. 200), 
Wood (1937) in using this term revived the 
name from Zittel (1893), “but in a very differ- 
ent sense since Wood excludes or considers as 
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nine families, nearly all of which are ex- 
tinct. The only survivor which certainly 
belongs in this group is the Sewellel (Ap- 
lodontia) of the Pacific Northwest, a form 
which is very primitive in most of its 
anatomy. Among related families are the 
Miocene-Pliocene Mylagaulidae, some of 
which were unique among rodents in hav- 
ing developed horns, and the Paramyidae 
and Sciuravidae, which are as close as we 
can come at the present time to a basal 
stock for the entire order. Other families 
belonging in this suborder are the Cylin- 
drodontidae, Protoptychidae, Ischyromyi- 
dae, Theridomyidae and Pseudosciuridae. 
Except for the Aplodontidae and the 
rather closely related mylagaulids, all the 
members ‘of this suborder are character- 
istically Eocene forms, though several 
lines persisted to the Middle Oligocene. 

The Sciuromorpha consist of six-fam- 
ilies, the Sciuridae, Castoridae, Eutypo- 
myidae, Geomyidae, Heteromyidae and 


doubtful the majority of the rodents placed 
here by Zittel.” However, in another con- 
nection (op. cit., p. 253), Simpson states that 
“I agree . in preferring the redefinition of 
historic names to the coinage of new ones.” 
Probably the main difference of opinion be- 
tween Simpson and the author is as to the val- 
idity of the Protrogomorpha as a_ suborder. 
Simpson includes these forms in the Sciuro- 
morpha. This requires a very broad definition, 
to include not only primitive but also ad- 
vanced forms. True, the Sciuromorpha are 
presumably descended from Protrogomorph an- 
cestors, but so are the Myomorpha and Hystrico- 
morpha. Particularly in view of the wide gap 
between the Protrogomorpha and the earliest 
known Sciuromorpha, it seems best to utilize 
a four-fold subdivision of the order. That 
there are no fundamental objections to making 
the ancestral stock a separate suborder is in- 
dicated by the Carnivora, where the members 
of the Paleocene and Eocene radiation are uni- 
versally placed in a separate suborder, the 
Creodontia. 
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the Eocene-Miocene Eomyidae. The Het- 
eromyidae and Geomyidae are largely con- 
fined to western North America; the 
beavers are limited to the northern conti- 
nents; and the sciurids are almost world- 
wide in distribution, except for Australia. 
Members of this suborder have been found 
as fossils in the northern hemisphere since 
the Oligocene, and Eomyids are known 
from the uppermost Eocene of Europe 
and North America. 

The Myomorpha consist of nine fam- 
ilies, the Cricetidae, Spalacidae, Rhizo- 
myidae, Muridae, Gliridae, Platacantho- 
myidae, Seleveniidae, Zapodidae and Di- 
podidae. This suborder is of world-wide 
distribution, as murids are among the few 
native placental mammals of Australia 
and have also spread throughout the world 
with the explorations and colonizations 
of the white man. Cricetids were formerly 
of wider distribution than the murids, the 
latter not being found in the Americas 
in prehistoric times. The other families 
are of more limited distribution, all (ex- 
cept the Zapodidae) being Old World 
forms. Cricetids appear suddenly in the 
Lower Oligocene of Europe and the 
Middle Oligocene of North America. The 
other families appear later. 

The Hystricomorpha consist of seven- 
teen families, including the Old World 
Hystricidae, Thrynomyidae and Petro- 
myidae, and the South American Erethi- 
zontidae, Cephalomyidae, Eocardiidae, 
Caviidae, Hydrochoeridae, Dinomyidae, 
Heptaxodontidae, Chinchillidae, Capro- 
myidae, Octodontidae, Ctenomyidae, Ab- 
rocomidae and Echimyidae. Members of 
the South American group have been 
found as fossils since the Oligocene, and 
were the only South American rodents 
until land connections were re-established 
with North America during the Pliocene, 
at which time sciurids, heteromyids, geo- 
myids and cricetids moved into South 
America, and the South American porcu- 
pine moved into North America. 

In addition to the families listed above, 
there are a number of rodent families of 
completely unknown relationships. In 


this group are the Anomaluridae or “scaly- 
tailed squirrels” ; the Pedetidae or spring 
haas; the Bathyergidae; and the Cteno- 
dactylidae. These families are all found 
today only in Africa, and are known as 
fossils (with one possible exception) also 
only from Africa. There are also many 
fossil genera, usually known from frag- 
mentary material, and mostly from the 
Old World, whose familial relationships 
are entirely uncertain. A discussion of 
these is beyond the scope of the present 
paper. 

Throughout most of the world at the 
present time, the rodents make up some- 
thing over two-thirds of the species and 
subspecies of mammals that have been 
described. The only large area where 
this does not hold is Australia, where the 
placental mammals have been recent and 
accidental immigrants, and the rodents as 
a result make a relatively small part of 
the fauna. 

In regard to described fossil forms, how- 
ever, the conditions are quite different. 
The earliest known rodents occur at the 
very top of the Paleocene. From this 
time on, rodents make up about ten per 
cent of the described species. Collecting 
during the last fifteen years, however, 
indicates that this.is not due to their rarity 
as fossils, but in part to their not having 
been collected and in part to the collected 
material not having been studied. Pres- 
ent indications suggest that, when ade- 
quate attention is paid to the group, they 
will be found to have formed as large a 
proportion of the total mammalian fauna 
as they do now, at least since the Middle 
Eocene. 

At the present time, then, the field of 
rodent paleontology is wide open for in- 
tensive cultivation and will, eventually, 
permit us to solve many of the problems 
of relationships within the order that are 
at present clouded, some of which are dis- 
cussed below. 


Validity of Present Classification 


Hystricomorphs are now found in South 
America, with recent immigrants to North 
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America, and in much of the Eurasiatic- 
African land mass. No pre-Pleistocene 
Hystricomorphs have ever been found in 
North America. There are three possible 
explanations for these observed condi- 
tions: (1) a South American-African 
land bridge, either direct or indirect; (2) 
the former presence of Hystricomorphs 
in North America which have not yet 
been discovered; or (3) parallelism be- 
tween the Old and New World forms. 
Most students agree that, for a variety of 
reasons, the land bridge is exceedingly im- 
probable (for a recent discussion of this 
problem, see Simpson, 1943). No posi- 
tive evidence supports either of the other 
two possibilities. In view of the exten- 
sive collections (including many rodents) 
that have been made in the Eocene and 
Oligocene of western North America, the 
absence of any forms with Hystricomorph 
resemblances lends support to the third 
alternative. Some excellent specimens of 
the earliest known New World Hystrico- 
morphs, from the Oligocene of South 
America, which are now being studied, 
should help to solve this problem. 

A more general problem is the ques- 
tion as to whether the suborders as a 
whole are natural groups, or whether they 
include a larger or smaller number of 
lines which have evolved in parallel or 
convergent directions with regard to cer- 
tain characters. Up to the present time, 
not a single line of the three modern sub- 
orders has been traced back into the 
ancestral stock, although most published 
phylogenetic trees indicate that such has 
been done. Nor has any one of the three 
suborders been proven to be of monophy!l- 
etic origin. Evidence in either direction is 
mostly non-existent, but some suggestions 
of polyphyletic derivation of some sub- 
orders are beginning to appear. 

Another taxonomic problem, which may 
or may not have anything to do with the 
rodents, is the question of the Lago- 
morpha. For the last thirty-five years, 
workers with these groups have agreed 
that rodents and lagomorphs are separate 
orders. It has recently been suggested 
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(Simpson, 1945, p. 196) that the two or- 
ders may be related, superordinally. To 
date, as Simpson indicated, this is largely 
hypothetical, as nothing is known of the 
origin either of the rodents or of the lago- 
morphs. There are many similarities be- 
tween the two orders, but most of them 
appear to be either primitive mammalian 
characters, or parallel modifications re- 
sulting from their similar habitus. The 
differences appear to be even more funda- 
mental, and suggest the possibility of 
rather diverse origins for the two orders. 
Each is represented in the Upper Paleo- 
cene by a single species, known only from 
very fragmentary material. However, at 
that time the two orders appear to have 
been at least as distinct as they are now. 


PARALLELISM AND CONVERGENCE 


The problem of parallelism among the 
rodents has been mentioned several times. 
Strictly speaking, both parallelism and 
convergence (Haas and Simpson, 1946, 
pp. 333-338) are involved. From the 
point of view of evolutionary processes, 
parallelism and convergence seem to be 
very important but rather poorly under- 
stood phenomena. We generally consider 
evolution to consist of adaptive radiation 
or divergence (op. cit., p. 333), by which 
descendants of a common stock move 
into differing environments and acquire 
different modes of life. Then natural 
selection, acting on a series of genetic 
differences, which are allowed to accumu- 
late initially due to isolation, results in 
an increasing divergence of the end results. 
This is true of mammals as a whole, and, 
to a certain extent, of the rodents. Al- 
though it is generally accepted that both 
parallelism and convergence occur rather 
frequently, paleontologists tend to con- 
sider them as somewhat abnormal types of 
evolution. But among the rodents paral- 
lelism and convergence have become the 
dominant evolutionary trends within the 
order, superimposed on the basic diverg- 
ence of the rodents from other mam- 
malian stocks. The explanation for this 
appears relatively simple. We have a small 
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taxonomic unit, an order, which acquired 
its underlying specializations very early, 
and which was subsequent limited in its 
adaptive radiation by its initial” basic 
specializations. That is, the acquisition 
of ever-growing incisors and associated 
changes by the early rodents has restricted 
the adaptive radiation of their descendants 
to a single direction, in which they have 
diverged increasingly from the majority 
of other mammals. But their large num- 
bers, high rate of reproduction, and great 
success have resulted in a great number 
of independent lines, which all have con- 
tinued to evolve in the same general di- 
rection. As a result, there is parallelism, 
which is vastly more common and extends 
to many more details among the rodents 
than in any other group of mammals. In 
many cases, also, there is convergence, 
but the evolution of the order has not been 
worked out in sufficient detail to permit 
the clear separation of convergence from 
parallelism, and the two phenomena are 
lumped, for the purposes of the present 
discussion, as parallelism. Other verte- 
brate groups where there is a similar 
situation are the teleosts and birds, where 
the same fundamental conditions have ap- 
plied. 


Examples of Parallelism 


A few examples of the parallelism 
among the rodents may be cited. The 
case for parallelism between the Old and 
New World Hystricomorphs has already 
been mentioned. Such parallelism would 
include not merely the possession of quills 
by some forms (which are found in sev- 
eral other rodent groups), the general 
body form, and the tooth pattern, but also 
the detailed structure of the jaw muscles 
and the manner in which these muscles 
have modified the skull. Fundamentally, 
the subordinal classification of rodents has 
been based on the structure of the mas- 
seter muscle and its effect on the skull. 
In the Protrogomorphs, the origin of the 
masseter is limited to the zygoma, and 
the infraorbital foramen is a fair-sized 
round opening on the front of the zygoma. 


In the Sciuromorphs, the lateralis branch 
of the masseter has moved forward and 
grows up onto the anterior face of the 
zygoma, squeezing the infraorbital fora- 
men to a narrow slit. In the Myomorphs, 
the medialis branch has grown up, in- 
side the zygoma, eventually moving for- 
ward through the upper part of the infra- 
orbital foramen onto the face. In the 
Hystricomorphs, the masseter medialis 
has, likewise grown up, through the in- 
fraorbital foramen, but has tremendously 
enlarged this opening, until it is as large 
as the orbit itself. In addition, a branch 
of the masseter lateralis has spread onto 
the median surface of the lower jaw. Al- 
most all classifications of rodents are 
based on the assumption, tacit or implicit, 
that each of the three modifications of 
the primitive condition originated once, 
so that each of the three modern suborders 
is a related stock. 

Actually, however, we have no evidence 
that this is what occurred. As was men- 
tioned earlier, we can trace many of the 
modern families of rodents back as far as 
the Oligocene, but we have not as yet 
been able to demonstrate a single case 
where a member of -the advanced sub- 
orders is derived from a Protrogomorph. 
In at least one case, it has’ been shown 
that a Protrogomorph (Titanotheriomys ), 
which is clearly not ancestral to the Sciuro- 
morphs as a group, or to any Sciuro- 
morph individually, is acquiring the 
Sciuromorph type of zygomasseteric 
structure (Wood, 1937a, pp. 194-195). 

Among the Sciuromorphs, there are 
three groups which are clearly distinct, 
the Squirrels (Sciuridae), Beavers (Cas- 
toridae and Eutypomyidae) and Geomy- 
oids (Geomyidae and Heteromyidae). 
There are striking differences between 
these three groups as far back as they have 
been traced (Middle Oligocene), particu- 
larly in the construction of their cheek 
teeth. It seems entirely possible that 
these three groups have really nothing in 
common with one another, but have inde- 
pendently acquired the “Sciuromorph” 
zygo-masseteric structure. If this should 
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be demonstrated by future studies, it will 
require a complete rearrangement of the 
classification of the order. To date, there 
is not sufficient evidence to warrant such 
a change. 

Perhaps the best example of parallelism 
within the order is in the pattern of the 
cheek teeth. In the earliest rodents, the 
teeth are only slightly modified from the 
tuberculo-sectorial pattern of the stem 
placentals, the upper teeth consisting 
largely of paracone, metacone and proto- 
cone, arranged in a triangle, while the 
lowers are a quadrilateral formed of meta- 
conid, protoconid, hypoconid and ento- 
conid (figure 1). The upper teeth very 
quickly developed a fourth cusp, the hy- 
pocone, becoming roughly similar to the 
lowers. A low ridge or cingulum de- 
veloped along the anterior and posterior 
faces of each tooth as well as a connection 
between the two lingual cusps of the up- 
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per teeth and the two buccal ones of the 
lowers (figure 2). This condition ap- 
pears as early as the Middle Eocene. 
From ‘this condition, a stage with four 
transverse crests in both upper and lower 
teeth, united on the lingual side of the 
upper molars and the buccal side of the 
lowers, has been developed by the union 
of the four cusps into transverse crests and 
the upgrowth of the two cingula making 
the upper and lower teeth roughly mir- 
ror images of each other (figure 3). This 
pattern has been acquired by certain Eo- 
cene Protrogomorphs (Sciuravidae), the 
Oligocene Ischyromyidae, the Eocene-Oli- 
gocene Cylindrodontidae, the Spalacidae, 
the Rhizomyidae, the Old World Hystric- 
omorphs, some South American Hystric- 
omorphs, and some squirrels, apparently 
independently in every case. 

Similarly, by the growth of an addi- 
tional cusp, subsequently enlarging to a 
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Fic. 1. Paramys primaevus, Lower Eocene (Protrogomorpha, Paramyidae). 
A. First left upper molar. Pa= Paracone; Me = Metacone; Pr = Protocone. 
B. First right lower molar. Med = Metaconid; Prd = Protoconid; Hyd = Hy- 


poconid ; End = Entoconid. 


Fic. 2. Reithroparamys delicatissimus, Middle Eocene (Protrogomorpha, 
Paramyidae). A. Second left upper molar. Hy = Hypocone; A.C. = Anterior 
Cingulum; P.C.= Posterior Cingulum; Prl= Protoloph; Mel = Metaloph. 


B. Second right lower molar. 


A.C. = 


Anterior Cingulum; P.C. = Posterior 


Cingulum; Mld= Metalophid; Hild = Hypolophid. 

Fic. 3. Cylindrodon sp. Lower Oligocene (Protrogomorpha, Cylindrodon- 
tidae). A. First left upper molar. B. First right lower molar. 

Fic. 4. Schaubeumys grangeri, Lower Miocene (Myomorpha, Cricetidae). 
A. First left upper molar. Mes= Mesoloph. B. Second right lower molar. 


Msd = Mesolophid. Buccal side of all figures toward the top of the page. 






transverse crest, in the middle of the lin- 
gual side of the upper and of the buccal 
side of the lower teeth, a five-crested pat- 
tern has been acquired (figure 4). This 
is found in the Castoridae, Eutypomyidae, 
Eomyidae, Cricetidae, Gliridae, Anomalu- 
ridae, and many South American Hystri- 
comorphs. Almost without exception, 
these are independent acquisitions in the 
different groups, and are not directly in- 
dicative of close relationship. 

In another direction, both the Hetero- 
myidae and the Geomyidae have acquired 
upper and lower molars each consisting of 
two transverse crests. Although these 
two families are clearly related, it seems 
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certain that these bilophodont modifica- 
tions have developed since their separa- 
tion from their common ancestors (Wood, 
1936, pp. 3, 4, 28). 

The relationships of these adaptations 
are shown schematically on the diagram 
(figure 5). 

Again, saltatorial modifications have 
arisen independently at least five and 
probably six times in the order, among the 
Heteromyidae, Zapodidae, Dipodidae, 
Muridae, and Pedetidae and probably in 
a poorly understood group of Eocene Pro- 
trogomorphs (the Protoptychidae). In 
each case, these forms have acquired a 
leaping method of locomotion, found else- 


3c 








Fic. 5. Diagram of evolutionary modifications in rodent molars. Circle 1. Three-cusped 
upper, four-cusped lower molars. Circle 2. Four-cusped upper and lower molars. Zone 3a. 
Four-crested molars. Zone 3b. Five-ctested molars. Zone 3c. Bilophodont molars. This figure 
is intended merely to indicate the general trends and is not intended either to have any implica- 


tions as to the phylogenetic relationships of the groups listed or to be complete. 
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where in mammals only among the kan- 
garoos, dasyures, and macroscelid insecti- 
vores. The modifications include not only 
the elongation of the hind limbs and tail 
and the reduction of the front legs, but also 
other changes as in the vertebral column 
and the inflation of the posterior regions 
of the skull (Hatt, 1932, pp. 616-619). 
Only among the Heteromyidae do we have 
any data as to the time of origin of these 
modifications, and here it is clear that 
these changes developed during the Mio- 
cene and Pliocene, well after the family 
had separated from all other groups of 
rodents, and had reached almost its mod- 
ern stage of development (Wood, 1935, 
pp. 118-135). 

Many other examples of parallelism 
among rodents could be cited: the devel- 
opment of burrowing types by the Geo- 
myids, Spalacids, Bathyergids, Cylindro- 
donts, Mylagaulids and others; of semi- 
aquatic types by the beavers, coypus, 
the Australian murids and the cricetids; 
the various desert adaptations of the 
Cricetids, Heteromyids, Murids, Dipodids, 
Sciurids and others; or the development 
of cheek pouches for transporting food by 
the Sciurids, Geomyoids, Cricetids, Cuni- 
iculus, ete. 


The Evolutionary Significance 


Such an extensive parallelism within 
a single order must be of fundamental 
evolutionary significance. It can probably 
be explained as follows. Originally, 
there must have been a number of groups, 
derived from a single basic stock, and 
forced (by the initial gnawing adaptations 
of that basic stock as mentioned above) 
to evolve in the same general direction. 
At first, most of the genes of any form 
will be the same as those of the other 
groups. Since the direction of evolution 
is, to a considerable extent, predetermined 
by the initial gnawing adaptations which 
have restricted the rodents to a single 
type of eating, identical mutations of iden- 
tical genes in the different lines are likely 
to have similar survival values. This 
would probably be particularly true of 
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mutations with important survival value. 
As a result but limited by the diverse se- 
lective effects of different climatic or other 
environmental factors, there will be a 
tendency for many of the lines to evolve 
in almost identical directions, and for 
different groups to arrive, at the same or 
at different times, at a point where they 
are capable of branching out in a new di- 
rection (such as the saltatorial adapta- 
tions). In the final result, certain genes 
may still be identical among groups only 
very distantly related in time, even though 
both the genes and the animals may have 
been considerably modified from the an- 
cestral condition. It is not intended to 
imply that the overall genetic composi- 
tion of two groups of rodents would be the 
same, but merely that they were the same 
or similar with respect to those characters 
exhibiting parallelism. For example, the 
coat color, “aguti,” is present among a 
great many distantly related rodents (as 
well as other mammals). Its genetic 
composition is probably identical, not only 
because it has a similar effect wherever 
it appears, but also because it has a series 
of alternative mutants, which likewise ap- 
pear to be identical wherever present. 
The discussion of such parallelism does 
not appear to be complete without the as- 
sumption of the genetic mechanism in- 
volved, which Haas and Simpson (1946, 
p. 337) reluctantly decided to omit. 
While parallelism and convergence may 
occur between widely separated forms, 
without being due to genetic similarities, 
it does not appear possible to explain such 
phenomena in a related stock without re- 
course to an explanation based on genetic 
homologies and subsequent identical mu- 
tations of identical genes. Perhaps it will 
ultimately be necessary to adopt different 
names for the types of parallelism and 
convergence occurring in related and in 
unrelated stocks. 

Thus, it would seem that the picture 
of evolution one gets from the rodents is 
quite different from that which appears 
from the study of other orders of mam- 


mals. Most mammalian paleontology 





demonstrates one facet of evolution which 
has been called “adaptive radiation,” in 
which the general picture is of progressive 
divergence with occasional fortuitous par- 
allelisms and convergences, the whole re- 
sembling the branches of a maple tree. 
On the other hand, the history of some 
groups and of the rodents in particular 
demonstrates evolution from a different 
angle, in which parallelism and converg- 
ence are the dominant features. This 
might be compared to a fruit tree on the 
sunny side of a wall, whose branches have 
heen pruned to grow parallel. This con- 
dition has been called “parallel radiation” 
(Wood, 1937b). This latter term is in- 
tended not merely to indicate parallelism 
in evolution, but evolution in which the 
whole guiding principle is parallelism. 


RopENTS AS TIE-IN BETWEEN GENETICS 
AND PALEONTOLOGY 


Although there are many branches of 
biology which are interested in evolution, 
perhaps the two fields that have the most 
direct bearing on its study are genetics 
and paleontology. When studying evolu- 
tionary phenomena, either seience is likely 
to err when no consideration is given to 
the results in the other field. The com- 
plete picture can only be obtained by com- 
bining genetic evidence as to how evolu- 
tion occurs with paleontologic data as to 
what changes have actually taken place, 
augmented by information from other 
fields. 

For this reason, it is exceedingly un- 
fortunate that geneticists and paleontolo- 
gists have been working with materials 
which are almost entirely not comparable. 
The geneticists have studied fruit flies, 
essentialy unknown as fossils ; plants, usu- 
aly known as fossils only from parts other 
than those studied by the geneticists; or 
rodents and lagomorphs. The paleonto- 
logist, as previously indicated, has con- 
centrated on the larger and more spectacu- 
lar animals. He also studies the bones and 
teeth, because these are what is preserved. 
Geneticists, when working with rodents, 
usually study hair color, as being the 
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most easily observed. Where the genetics 
of skeletal modifications are studied, they 
are usualy striking ones, which can be 
readily recognized in living material, and 
which would almost invariably be lethal 
or nearly so in the wild. As a result, 
there tends to be a lack of contact and 
understanding between the two fields and 
a tendency for many students of both 
fields to believe that the ordinary muta- 
tions of genetics are of much smaller tax- 
onomic significance than are the changes 
observed by the paleontologist.’ 

One factor often overlooked is that in 
nearly all cases phylogenetic lines among 
fossil forms are still largely hypothetical, 
insofar as the details are concerned. We 
may know that a certain Miocene beaver 
is descended from something very similar 
to a certain Oligocene beaver, but, when 
the two forms are separated by a gap of 
several million years with no known inter- 
mediates, we cannot be positive that spe- 
cies B is descended from species A. For 
this reason, also, the changes between 
such species are of much greater taxono- 
mic significance than those occurring in 
laboratory stocks being studied geneti- 
cally. The horses are the only group of 
fossil vertebrates that have been studied 
in sufficient detail to warrant the certainty 
that one particular species gave rise to a 
particular later one. 

It is generally believed that the differ- 
ences in teeth and skeletons which the 
paleontologist studies are not inherited as 
simple genetic characters. In some cases 
this is undoubtedly true. To date, how- 
ever, not enough work has been done to 
be certain as to just what the situation may 
be. Even if the differences are not sim- 
ple, there is no reason to believe that 
there is not a genetic basis for them. At 
least sometimes, variants occur in stocks 
of laboratory rodents that are of the type 


2See, for example, such authors as Gold- 
schmidt (1940) or Osborn (1927). On the 
other hand, a growing number of both paleontol- 
ogists and geneticists are agreed that species 
and larger taxonomic units are distinct because 
of an accumulation of numerous gene mutations. 
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with which the paleontologist concerns 
himself. Sources for future studies would 
seem to lie in locating and studying such 
material, and correlating it with the very 
extensive studies on rodent paleontology 
that are needed to bring this field into 
line with the paleontology of the larger 
mammals. The value of such genetic 
studies would be increased if they were 
made on forms, such as Peromyscus, 
which have long been resident in North 
America, rather than on the Asiatic Mur- 
ids, since the detailed evolution of the 
former group will probably be established 
sooner. Such genetic and paleontologic 
studies proceeding hand in hand will have 
great value in tying together these two 
fields of evolutionary studies and, pre- 
sumably, in demonstrating that the major 
changes of evolution proceed merely by 
the gradual accumulation of mutations of 
the type already familiar. 

It seems probable that future studies 
of rodent paleontology will not only en- 
able us to solve many problems of taxon- 
omy and distribution, but will permit a 
close tie-in between genetics and paleon- 
tology by furnishing a reasonably exact 
picture of the actual evolution that has 
taken place in a group which can furnish 
suitable laboratory animals. In addition, 
both directly and as a result of the ad- 
vances in the other two lines, this will give 
us a much clearer picture of certain as- 
pects of evolutionary processes in general 
than is available at the present time. 


SUM MARY 


This paper discusses a number of evo- 
lutionary problems growing out of pale- 
ontologic studies of the rodents. The 
classification of the order is discussed, 
and an arrangement of the families of the 
order into suborders is proposed, which 
differs slightly from previous arrange- 
ments. The basis of subordinal classifi- 
cation is discussed, and the suggestion is 
made that perhaps one or more of the 
suborders may turn out to be of polyphyl- 
etic origin. The lack of adequate studies 
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of most fossil rodent.groups prevents any 
decision on this point at present. Paral- 
lelism among rodent phyla is discussed, 
and several examples are given. The ex- 
treme amount of parallelism and converg- 
ence within this order requires explana- 
tion. It is considered to be due to the 
initial adaptation of the rodents as gnaw- 
ing animals, which severely limited the 
directions in which their.subsequent modi- 
fications could occur. The resulting paral- 
lelism is considered to beea fundamental 
factor in rodent evolution. The advan- 
tages of a correlation between genetic and 
paleontologic studies of rodents are 
stressed, and certain potential lines of in- 
vestigation are suggested, which should 
bring about a closer tie-in between pale- 
ontology and genetics, and help to es- 
tablish universal agreement that gene 
mutations are the fundamental cause of 
evolutionary modifications, both intraspe- 
cific and supraspecific. 
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Evolution as a modern philosophy re- 
quires the synthesis of paleontology, ge- 
netics, and neontology. Although fossils 
supply a truly enormous number of docu- 
mentary records of evolution through vast 
spans of time, paleontology cannot explain 
the mechanics of evolution. It is equally 
certain that genetics and neontology can- 
not formulate a satisfactory explanation 
, of evolutionary phenomena without the 
data which paleontology alone can supply. 
If paleontological evidence is effectively 
to be brought to bear on problems of evol- 
ution, it is necessary that paleontologists, 
geneticists, and neontologists understand 
each other. They must be familiar with 
the methods and problems of common in- 
terest in each of the disciplines which bear 
on evolution. 

One impediment to a fuller evaluation 
of the fossil record is the all but universal 
practice of basing “species” and “varieties” 
on single specimens, or at most, a few 
specimens, which become the fixed stand- 
ards for identification of new material. 
This is the method subscribed to by the 
early taxonomists who believed that spe- 
cies were individually created, and hence 
are disparate entities. Adequate samples 
commonly are not available in paleontol- 
ogy. In many cases, however, the material 
available for study is adequate but is not 
utilized to the fullest extent. This pro- 
cedure does not permit consideration of 
the inherent variability of organisms, and 
leads to an artifact wherein spurious dis- 
continuities are placed within completely 
gradational contemporaneous series. 

Failure to take into consideration the 
variability of organisms in taxonomy is 
tantamount to the rejection of one of their 
most important attributes. Wood and 
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Barnard (1946, p. 94) have cited an il- 
lustration of the absurd lengths to which 
paleontologists may go to limit their tax- 
onomic categories within arbitrary boun- 
daries. Relative to the high variability of 
certain Foraminifera Heron-Allen once 
approvingly quoted an admonition by F. 
W. Millet, “In preparing your slides you 
should be very careful to select typical 
specimens only, the intermediate things 
are a nuisance and should be severely ig- 
nored, unless the types are absent from 
the deposit. . . . Take Globigerina, the 
difference between G. cretacea and G. lin- 
naeana is very great, but you can select 
specimens which will form a complete 
chain from one to the other” (Heron-Al- 
len, 1894). : 

This taxonomic philosophy generally is 
being supplanted in neontology by empha- 
sis on population studies. Collections of 
specimens are now thought of as samples 
of populations. Such samples provide a 
valid measure of population variability 
when properly analyzed by quantitative 
methods. 

The lower taxonomic categories. .Sev- 
eral taxonomic categories below the spe- 
cies have been employed in zoology. Of 
these, the subspecies and variety have been 
most used in the past. The variety, how- 
ever, rarely is employed now by progres- 
sive taxonomists, many of whom object 
to its use on grounds to be indicated be- 
low. On the lower taxonomic levels 
modern systematics is concerned with the 
study of populations ’—subspecies and 


1 As generally understood, an animal popula- 
tion includes all closely allied actively inter- 
breeding individuals. Implicit in this concept 
is the idea of contemporaneity. We may speak 
of past or future populations, or of successive 
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species. The variety, as most generally 
understood in neontology, is based on in- 
dividuals within populations, hence is an 
artificial category. In _ paleontological 
literature, on the other hand, the term sub- 
species rarely is encountered, but the va- 
riety is widely used. 


In later years many students of inverte- 


brate fossils have made use of the variety 
category for whole populations.* This is 
a special and ambiguous use of the term 
which is certain to be misunderstood. 

Subspecies in neontology are entire 
populations, or races, which have become 
differentiated through some degree of 
isolation over a shorter or longer period 
of time (Mayr, 1942). Since subspecies 
do interbreed freely when brought to- 
gether, under natural as well as artificial 
conditions, they cannot become differenti- 
ated, or maintain their identity except 
through continued partial or complete iso- 
lation. Hence, closely related subspecies 
are not found living together in the same 
geographic and ecologic sites, nor are they 
likely to occur together in a single fossil 
faunule. 

The emphasis on population studies of 
animals in the fields of systematic zoology 
and genetics is focusing attention on the 
special significance of the subspecies in 
animal evolution. It is the actively inter- 
breeding population which changes as a 
unit in response to genetic changes and 
to selection pressure. Subspecies gener- 
ally are not so distinctive morphologically 
as are species; hence, careful analysis of 
adequate samples may be necessary for 
their differentiation. Unfortunately, mod- 
ern biometrical methods have not yet 


populations. Thus a population does not have 
time duration. A subspecies certainly does have 
time duration; hence a subspecies is composed 
of a succession of gradually changing popula- 
tions. 

2 Like a number of other workers I have in- 
tended to apply the variety category to natural 
populations in my own work (e.g., Newell, 
1937 and 1942). Such population “varieties” 
are not of the same sort as are the varieties of 
neontology. The former are in fact subspecies 
and species. 







































164 NORMAN D. NEWELL 


been generally adopted in paleontology. 
Consequently we know very little about 
fossil subspecies. 

The variety, as understood in neontol- 
ogy, and as commonly employed in pale- 
ontology, is applied to distinctive morph- 
ological types, kinds, or variants— 
individuals or groups of individuals within 
a population. Such variants do not in 
themselves constitute natural populations, 
but are only artificially extracted constitu- 
ents of a population. Thus they are not 
simply smaller categories of the same sort 
as a subspecies, but are a different kind of 
category. A subspecies may be analyzed 
as made up of varieties. Since, however, 
the varieties are not populations they do 
not stand in the same relation to subspe- 
cies as subspecies do to species. A variety 
is not a smaller and more homogeneous 
sort of subspecies. 

The variety in paleontology. , Because 
of traditional preoccupation with the use- 
ful applications of paleontology in strati- 
graphic work many paleontologists have 
felt that their material calls for special 
treatment, whereby distinctive specimens, 
or groups of specimens, are given formal 
varietal names.* In most cases such dis- 
tinctive material intergrades with slightly 
different forms in the same lot. Complete 
intergradation may not be evident if the 
collection is very small, or has been care- 
lessly analyzed. The great mass of docu- 
mentary data on animal variation demon- 
strates that graded morphological series 
are the rule in any population. Although 
so obvious as commonly to be overlooked, 
the probabilities are very great that similar 


3 Failure to regard the lower taxonomic cate- 
gories as populations rather than as specimens 
has led some students of invertebrate fossils into 
orgies of species- and variety-naming. For ex- 
ample, Reed has recently described 129 new 
species and 131 new varieties of Permian bra- 
chiopods from a rather well-known fauna (Reed, 
1944). It seems that the great majority of 
these “new” forms were based on individuals, 
and are not representative of populations. See 
also Fucini, A., “Fossili Domeriani dei Dintorni 
di Taormina,” Pal. Ital., vols. 26, 27, 29-31, 35, 
1920-35. 
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individuals found in association are in- 
deed members of a single population. 
Slight morphological disparity is hardly 
as weighty as the circumstance of mu- 
tual association in the rocks. According 
to traditional practice, still followed by 
the majority of invertebrate paleontolo- 
gists, morphological groups are selected 
from the intergrading series of a single 
lot, and each group deviating in one way 
or another from the “typical” form is 
given a varietal name. This is the “type” 
method where a single specimen (holo- 
type) may be selected as a standard for 
the “definition” of a species. This method 
is described well by Trueman and Weir 
(1946, p. xx): “We continue to follow 
the practice . . . of limiting the specific 
name to forms which are practically iden- 
tical with the holotype of the species. 
Thus we regard the holotype as forming 
a fixed point in the evolving plexus which 
we take to represent the lineage. . . . We 
may accept the species as forming some- 
thing more than a point in the plexus, a 
narrow ring around the holotype includ- 
ing forms which may be accepted as fall- 
ing within the species.” Probably the 
greatest shortcoming of this method lies in 
fact that it does not provide a valid meas- 
ure of the population from which the ma- 
terial is taken. The dimensions of the 
“narrow ring around the holotype” are 
not only necessarily arbitrary, but the 
limits of variability indicated for a given 
form must be far more restricted than 
those of the natural population. Further- 
more, holotypes commonly are not the 
hiologicaly most typical representatives of 
a species, and arbitrarily to draw a circle 
(or a spheroid) about them cannot limit 
a natural species. Arbitrary definitions of 
species like this correspond in a way to 
varieties in that they represent morpho- 
logical groups arbitrarily extracted from 
much more variable populations. 
Trueman and Weir, in their important 
work on highly variable non-marine bi- 
valves, do not advocate the use of varietal 
names. They favor careful analysis of 
population samples by quantitative meth- 


ods. They make an interesting suggestion 
for a solution of the often vexing problem 
of treatment of “nontypical” material. 
“In communities there will be other forms 
differing more widely from the holotype, 
and we have tried to indicate in suitable 
cases the extent of variation which we 
shall allow for forms recorded with the 
prefix ‘aff.’ ... For other forms not 
known to be related to the holotype, 
though possibly showing greater similarity 
in some features, the use of the prefix ‘cf.’ 
is recommended” (Trueman and Weir, 
1946, pp. xx, xxl). This interesting pro- 
cedure provides a logical and conservative 
method for the classification of very small 
samples. However, it does not allow for 
the recognition of infraspecific populations 
where the samples are adequate. 

Paleontologists sometimes justify the 
naming of artificial groups within popula- 
tions on the grounds that some varieties 
are particularly striking, hence easily rec- 
ognized. They may appear to be con- 
fined to certain stratigraphic levels. Nar- 
tow stratigraphic range, although readily 
demonstrable for a given locality, prob- 
ably is not characteristic of the absolute 
time ranges for most varieties. 

Swinnerton (1940) has called atten- 
tion to the excessive splitting of the genus 
Beaniceras, a Jurassic ammonite, in which 
seven species and seven varieties have been 
erected in what is regarded as one inter- 
breeding population. Wood and Barnard, 
in a particularly significant quantitative 
study of some Jurassic Foraminifera, have 
suggested that if names are needed for 
intra-population variants, or clines, re- 
course to trinomial or quadrinomial no- 
menclature seems called for (Wood and 
Barnard, 1946). These lesser taxonomic 
units admittedly do not correspond to pop- 
ulations. 

It is overlooked or ignored by many that 
intra-population groups, no matter how 
valid may be their morphological distinc- 
tion (as, for instance, with sexual di- 
morphism), do not play the same role in 
evolution as populations. In those cases 
where successive populations can be dis- 
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tinguished by different proportions of va- 
rieties, stages in evolution can be defined 
by the differing proportions. These will, 
of course, give each successive population 
its own distinctive average or modal char- 
acters as a whole. In such cases there is 
no evident advantage in applying names to 
the varieties instead of the whole popula- 
tion. 

The application of formal scientific 
names to conspicuous variants within a 
population tends to obscure relationships 
and hence is undesirable. This practice 
has been likened to the formal naming of 
red-haired, black-haired, and blond-haired 
people ; or those characterized by harelip, 
clubfoot, dwarfing, etc. (Mayr, 1942, p. 
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104). Equally untenable would be the 
naming of males and females of mammals, 
or the polymorphic forms of protozoans. 

It is apparent that the recognition of 
varieties is highly useful for the ready 
identification of strata, within limited 
areas. It is equally certain that varieties 
serve no useful function in studies of phyl- 
ogeny. The stratigraphic aim can be 
attained by labeling varieties with symbols 
or letters, thereby avoiding confusion with 
the basic population categories, the sub- 
species and species. Artificial groups 
should not be given formal names under 
Linnaean nomenclature. 

It is a well-known fact that molluscs, 
coelenterates, and other groups of inverte- 
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Fic. 1. The normal curve of variation as shown by 
a pailful of scallops collected on an Atlantic beach. 
The morphological classes are of the sort commonly 
described as varieties by some invertebrate paleontolo- 


gists (Am. Museum Natural History). 
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brates develop differently in varying habi- 
tats. Fluctuations in temperature, salin- 
ity, food supply, and currents result in 
the development of characteristic forms, 
ecophenotypes, in which the genetic com- 
plex is not different from that of the “nor- 
mal” forms. These are not comparable 
with ecologic races, in which a population 
becomes adapted by genetic changes to a 
specific ecologic niche. Probably it may 
never be possible to distinguish between 
ecophenotypes and ecologic races in pale- 
ontology. In the former category the 
characteristic morphology does not typify 
an entire population, in the latter it does. 
The two should be given different taxo- 
nomic treatment wherever possible. In 
neontology, the ecophenotype would be 
considered a variety, the ecologic race 
would be a subspecies, if sufficiently dis- 
tinct. 

Ecophenotypes very commonly char- 
acterize an entire faunule, or all of the in- 
dividuals of a community, e.g., the dwarf 
molluscs of brackish waters. Paleontol- 
ogists probably will agree that variants of 
this type, because of their abundance, and 
their importance as indicators of environ- 
ment, are deserving of formal names. 
They do not characterize whole popula- 
tions, but they are characteristic of com- 
munities within the population. It will 
be convenient to treat them as though they 
were subspecies, lacking evidence to the 
contrary. 

Aside from the biological problems in- 
volved in subspecies and varieties there 
is a purely legalistic problem to be con- 
sidered. The only infraspecific category 
expressly provided for by the International 
Rules of Zoological Nomenclature is the 
“subspecies”; hence, the legality of all 
names proposed as varieties is surely de- 
batable. It appears to many taxonomists 
that the only way out of this dilemma is 
for the Commission to clarify “subspecies” 
as given in Article XI of the Rules, at 
the same time expressly excluding, from 
formal nomenclature all infraspecific cate- 
gories which are not believed to apply to 
whole populations. Such ruling would 
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not, of course, be retroactive.* It is ar- 
gued by some that the Commission should 
not be concerned with the definition of 
taxonomic categories like “variety,” “sub- 
species,” etc. It seems to me, however, 
that the erection of a complex legal code 
for the naming of zoological taxonomic 
units is inadequate without provision for 
some general agreement as to the nature 
of these units. Without attempting to de- 
fine precisely the species and subspecies 
the Rules could well be amended to state 
that infrageneric taxonomic units are by 
intention natural populations. 

Population categories in invertebrate 
paleontology. Classification of fossil ani- 
mals presents certain difficulties not met 
in the taxonomy of living forms. Pale- 
ontology is concerned not only with single 
floras and faunas, nor even with fossil bi- 
ota from contemporaneous, geographically 
separated deposits. A collection of closely 
allied forms may represent a large number 
of successive time horizons and geograph- 
ically separate localities. Furthermore, 
progressive modifications may be due to 
evolution, or to ecophenotypic variation 
produced by gradually shifting environ- 
ments. Species of living animals are dis- 
continuous, contemporary entities. They 
have real limits, but subspecies intergrade 
marginally. Paleontologic materials in- 
clude temporal sequences which are more 
or less completely gradational, the familiar 
“evolutionary series”. Such series rarely 
are uninterrupted, because the fossil rec- 
ord in any locality is not complete for 
any considerable span of time, and because 
animal communities shift laterally with 
environmental changes. In all probability, 
evolution invariably has been accompanied 
by gradual morphological change, hence 
“in a phylogenetic continuum a ‘species’ 
(in contradistinction to the limiting con- 
cept) is a kind of nebulous and fluctuating 
area in a ceaseless process, and has no 
temporal, morphologic, or genetic boun- 
daries between it and preceding or subse- 


4 After completion of the manuscript for this 
paper I find that Hatch (1946) has arrived at 
the same conclusion. 








quent areas” (Jepsen, 1943, p.528). This 
applies as well to infraspecific populations. 
Explosive evolution, during, which rates of 
evolution are greatly accelerated, does not 
imply discontinuities in the evolutionary 
process, although gaps in the fossil rec- 
ord are likely to be most evident where 
evolution has been most rapid. The the- 
ory that new species of animals may be 
created by single large mutations has little 
support among geneticists. These gaps 
conveniently delimit vertical species and 
morphologic grades of less than specific 
rank in a phyletic line. 

Relatively continuous vertical series, 
separated from related series by gaps, are 
common in paleontology. Brinckmann’s 
classical study of certain Jurassic ammon- 
ites (1929) illustrates particularly well 
uniform and continuous evolution through 
limited stratigraphic sequences, inter- 
rupted here and there by gaps, probably 
due to depositional hiatus. Similar ex- 
amples are known in most of the more 
studied groups of fossil invertebrates, e.g., 
Foraminifera) (Dunbar and _ Henbest, 
1942). Mollusca (Neumayr and Paul, 
1875 ; Gorjanovic-Kramberger, 1901 ; Bur- 
nett-Smith, 1906; Woods, 1912; Kitchen, 
1912; Lang, 1919; Trueman, 1922; New- 
ell, 1937, 1942), Brachiopoda (Kuaer, 
1908; Jones, 1928; Teichert, 1930; Fen- 
ton, 1931), Bryozoa (Lang, 1917, 1921), 
Echinoderma (Rowe, 1899; Spencer, 
1913), Anthozoa (Carruthers, 1910; 
Lang, 1923, 1938), Graptoloidea (Elles, 
1922; Bulman, 1933). 

These evolutionary series hardly ever 
are absolutely continuous through appre- 
ciable stratigraphic intervals, in the sense 
of broadly overlapping modal peaks. Ade- 
quate quantitative analysis will certainly 
reveal at least small discontinuities be- 
tween the fossil records of successive pop- 
ulations, even where there are marginal 
overlaps of the variability curves. In prac- 
tice the division of vertical series into spe- 
cies often can, and in that case should, 
correspond to gaps in the record. As 
further collecting tends to eliminate or 
reduce the gaps, newly discovered material 
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may have to be arbitrarily referred to 
one or the other of closely related popula- 
tions, so that ultimately the limits between 
two species might be quite arbitrary. This 
is an inevitable consequence of evolution. 

Modern taxonomic practice in zoology 
limits subspecies to geographical and eco- 
logical races, populations which have 
achieved limited genetic differentiation 
through isolation. Subspecies of living 
animals, of course, are contemporaneous, 
and it commonly is implied that the main 
factor in their development is isolation. 
Isolation is the factor which prevents hy- 
bridization and consequent swamping of 
gene complexes, i.e., it is the factor which 
enables subspecies to maintain their spe- 
cial characteristics. Although the isolat- 
ing factor is crucial in subspeciation, time 
is equally important in the development 
of subspecies, and has been neglected in 
most discussions, perhaps because its role 
is so obvious. Natural selection, operating 
on gene complexes is effective in propor- 
tion to the time through which it acts, 
other factors being equal. Thus, time is 
needed for the development of morpho- 
logically and geneticaly distinct races. 
Isolation over an insufficient time cannot 
result in the development of a new sub- 
species or species. Whether or not the 
temporal requirement is great or small 
for a given subspecies is beside the point. 
The time factor certainly is as significant 
as isolation. 

Subspecies in neontology are geograph- 
ical (and ecological) races, and many pale- 
ontologists conversant with this subspe- 
cies concept hesitate to employ subspecies 
in paleontology because of the great dif- 
ficulty in establishing exact synchroneity 
of geographically separate fossil popula- 
tions. Asa matter of fact exact contempo- 
raneity of separated fossil races seldom, 
perhaps never, can be positively estab- 
lished. The majority of fossil species are 
known to have appreciable time duration, 
amounting in some cases to an entire geo- 
logical period (20 to 40 million years). 
It appears quite logical and practicable 
to distinguish geographic races, subspe- 
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Fic. 2. (a) Diagram illustrating how geographic fragmentation of successive populations 
(the numbered rectangles) may accompany vertical differentiation of a phyletic line. The pop- 
ulations rarely remain in one locality for long, but migrate. Some migrants become isolated 
from the parent stock by barriers, becoming ultimately differentiated into geographic races. 
The faunal succession in any locality (A or B) is never absolutely continuous, even though gaps 
may be obscure. Those gaps may be produced by migrations, by depositional hiatus, and by 


local extermination. 


(b) A population becomes divided by a barrier causing partial isolation with limited 
gene flow for a time—the subspecies stage in speciation. After sufficient genetic differentiation 
has been reached interbreeding ceases, gene flow is stopped, and the two branches become sep- 


arate species. 


cies, within the time range of these species. 
Correlation of the enclosing strata can 
usually satisfactorily be established with 
an accuracy which falls well within the 
‘total limits of the vertical range of a spe- 
cies. 

It is highly improbable that a phyletic 
series ever evolves continuously at one 


locality over a considerable span of time. 


Successive populations migrate back and 
forth across the place of origin of the 
parent stock. During the history of any 
animal lineage geographic isolation cer- 
tainly has played just the same role at 
successive time horizons which it now 
plays. The conclusion is unavoidable that 
geographical segregation has been a factor 
in the development of the morphological 
grades found at successive stratigraphic 
levels (figure 2). Horizontal (allopatric) 
subspecies and vertical (allochronic) sub- 
species cannot be distinguished from each 
other in fossil forms. It is debatable 


whether they are distinguishable in living 
forms, since the differentiation of popula- 
tions into geographic races is vertical evo- 
lution. Probably temporal and spatial 
differentiation are inseparable in nature, 
even though it may be convenient to 
think of them as separate processes. 

In paleontology we badly need an infra- 
specific category ° to denote minute stages 


5 This need has been discussed by Simpson 
(1943, pp. 170-177) who favors the discrimina- 
tion of vertical subspecies. Bruce L. Clark has 
proposed the term paleo-subspecies for infra- 
specific fossil populations (Clark, 1945). This 
term seems unwieldy, and I can see no advan- 
tage in its adoption. Caster (1944) and Elias 
(personal communication) likewise feel that 
the term subspecies is not appropriate for fossil 
populations. Caster proposed to introduce the 
term “Waagen” for the small grades in evolu- 
tionary series, and Elias would modify this term 
to “Waagenon.” Advantage in the use of one 
or the other of these terms over “subspecies” is 
not at all clear. They are not likely to be 
generally adopted. 
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in evolution admittedly of less than spe- 
cific rank—the small grades of a phyletic 
“continuum”. Waagen proposed the term 
mutation in just this sense, but paleontol- 
ogy has been deprived of this useful term 
through its general adoption in a different 
sense by genetics. 

There is no well substantiated reason 
why we may not empley Linnaean no- 
menclature for the small grades of a con- 
tinuous vertical series in the same way as 
for horizontal distributions. Some stu- 
dents of invertebrate fossils regularly em- 
ploy the “variety” category for whole pop- 
ulations. Others, hesitating to employ the 
ambiguous term variety, and considering 
the subspecies as inappropriate for pale- 
ontology, have chosen to label all well- 
defined populations as separate species, 
thereby adopting a procedure which fails 
to indicate the relative degrees of mor- 
phological similarity between successive 
populations. This method also fails to 
indicate the degree of difference normally 
found between good species of living ani- 
mals. 


SUMMARY 


It may be concluded, then, that the sub- 
species category may logically be employed 
in paleontology, much as it is in neontol- 
ogy, for morphologically distinctive popu- 
lations in which the average difference be- 
tween closely related populations is less 
than that which may conveniently dis- 
tinguish two species. . 
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In the older systematic works it was 
often indicated that many of the taxonomic 
characteristics used in the separation of 
species and subspecies could be of no 
adaptational or selective value. Recently 
various authors have shown that cer- 
tain such characters are of selective value. 
The case presented here is another in- 
stance of characters, in this case hair color, 
which had been used in the taxonomic 
work on the group and which appear to 
be correlated with factors having selec- 
tional significance. 

A character analysis of Hoplitis albi- 
frons (Kirby) is of interest because of 
the wide range of vari&tion of this species 
and because this is the best studied repre- 
sentative of a large group of species of 
bees (most of the others in the genus 
Osmia) which exhibit parallel geographic 
variation. The total number of specimens 
studied was 848, a low figure considering 
the wide range of the species but neverthe- 
less sufficient to outline the variation. 

Hoplitis albtfrons is a bee which lacks 
a worker caste, having only sexually func- 
tional males and females. As the sexes 
can be collected in approximately the 
same numbers, it is assumed that the num- 
ber of males produced approximately 
equals the number of females. There is 
but one generation a year, the adults fly- 
ing in late spring and summer (May to 
August in various parts of the range). 
The adults collect nectar and pollen from 
a wide variety of flowers. The nesting 
habits are little known, but from analogy. 
with the most nearly related species it is 
presumed that the nests occur in tubular 
holes in stumps, logs, and woody stems 
and that the cells are made by placing 
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partitions of masticated leaf material in 
these holes. One egg is laid in each cell 
on a mass of pollen and honey large 
enough to provide food for the entire lar- 
val development. After hatching from 
the egg the larva grows rapidly, attain- 
ing full size within a few weeks, then 
passes the fall and winter as a quiescent 
mature larva or prepupa. Pupation takes 
place in the spring, and after the brief pu- 
pal period adults emerge. 

This species is systematically rather 
isolated, being the only member of its 
subgenus (Monumetha). It is most 
closely related to certain other North 
American forms. The genus Hoflitis to 
which it belongs occurs in the Holarctic 
and Ethiopian areas, containing about 24 
North American species and a consider- 
ably larger number of species in Eurasia 
and Africa. 


DISTRIBUTION 


As shown in figure 1, H. albtfrons 
ranges across arctic America from the 
Yukon delta in Alaska to Nova Scotia. 
East of the Great Plains it occurs south- 
ward only into the northern tier of states. 
In the Rocky Mountain states it extends 
far to the southward at high altitudes. It 
is found also in many of the high ranges 
in the intermountain region. On _ the 
-acific Coast, however, it occurs not only 
at high altitudes, but down nearly to sea 
level at least as far south as San Luis 
Obispo and as low as 900 feet above sea 
level near Los Angeles. The species ap- 
pears to be rare in the eastern part of 
the range, but in the Rocky Mountains 
and westward it is fairly common. 

In figure 1 the dots represent localities 
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of collection, while the shaded areas indi- 
cate the probable range, based in part 
on vegetation maps of Livingston and 
Shreve (1921) and Shanz and Zon 
(1924). The species does not occur in 
grasslands, and except in the Pacific Coast 
states it does not occur in arid brush- 
covered areas, nor apparently even in 
juniper-pifion areas. This is the basis 
of the shading in the Rocky Mountain and 
intermountain portions of the range, where 
certain areas from which no specimens are 
available have been shaded. There are 
two collecting records for the sagebrush 
portions of Oregon and Washington (An- 
drews, Oregon; Pasco, Washington), as 
shown by dots outside of the shaded areas. 
In these states the approximate outlines 
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Fic. 1. Distribution of Hoplitis albifrons (Kirby). Each dot represents a col- 
lecting locality. Shading indicates the probable distribution. 


of the more arid portions are nevertheless 
indicated on the map, since the species 
seems to be rare in them and they probably 
constitute at least partial barriers between 
the higher and moister portions of the 
range where it is more common. 

In the eastern part of the range, the 
southern limit of known distribution does 
not appear to correspond with any of the 
vegetational areas shown by the authors 
mentioned. 


Harr CoLor 


The body surface is black, but is cov- 
ered by rather long hairs, each of which 
may be either black or white, the mixture 
of hairs of the two colors giving a gray 
appearance to specimens from most areas. 
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(While rarely individuals are found whose 
hairs have a brownish cast, fresh speci- 


mens of this sort have never been ob- 


served by the author and it is suspected 
that the color is artificially produced.) 
Only rarely are hairs encountered which 
cannot readily be classified as either black 
or white. The bulk of this paper is based 
on the ratios of black hairs to white in 
different parts of the body. 

Specimens from all areas have black 
hairs in at least certain parts of the body. 
Males have a higher percentage of white 
hairs than females. While exhibiting con- 
siderable individual variability in many 
localities, the males do not show the strik- 
ing geographical variation which occurs 
in the females. Thus males from the low- 
lands of California, where the females are 
wholly black, are not much, if any, darker 
than those from the arctic, where the fe- 
males are largely white-haired. For this 
reason, females alone are considered in 
the portions of this paper dealing with 
hair color. 

In order to investigate the variations in 
hair color on a numerical basis, the hairs 
of four parts of the body have been se- 
lected for special study. These four hair 
color “characters” are as follows: 


(1) the percentage of hairs which are 
white on a line from eye to eye across the 
face tangent to the upper margin of the 
clypeus ; 

(2) the percentage of hairs which are 
white on a line across the mesoscutum 
between the anterior ends of the tegulae; 

(3) the percentage of hairs which are 
white along the scuto-scutellar suture ; and 

(4) the number of abdominal terga 
bearing apical bands of white hairs, at 
least sublaterally. 


Sufficient study was made of variations 
in hair color in other parts of the body so 
that it seems certain that data similar to 
those presented below could equally well 
have been obtained from other parts of 
the insect. There is considerable positive 
correlation between the percentages ob- 
tained in characters (1), (2), and (3). 
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Similar correlations would apparently be 
found between hair color of most other 
parts of the body and that of any one of 
these three parts. 


Methods of Studying Hair Color 


In order to obtain the raw data re- 
quired for a study of characters (1), (2), 
and (3), estimates to the nearest multiple 
of five were made of the percentage of 
white hairs in the areas involved on all 
female specimens available. Because of 
the large numbers of hairs, counts could 
not be made on every specimen, but were 
made on about ten per cent of the speci- 
mens to verify the estimates. Corrections 
in the estimated percentages of white hairs 
after actual counts were small. In order 
to eliminate bias as much as possible, spec- 
imens from various localities were mixed 
before starting the estimating or counting, 
and estimates or counts were made on 
each individual before looking at the lo- 
cality lable on the specimen. Specimens 
whose pubescence was badly worn were 
ignored. In some instances the pubes- 
cence of one part of the body was badly 
worn, that of another part not so. This 
accounts for the variations in the numbers 
of specimens recorded from certain areas 
on the maps. 

The localities from which female speci- 
mens are available have been grouped 
into thirty areas, as shown in figure 3. 
It should be remembered that the species 
occurs in some of the territory interven- 
ing between these marked areas. Males 
or poorly preserved females are available 
from many intervening localities as shown 
by dots on figure 1. In order to show the 
data more clearly on the maps, large por- 
tions of areas 28 and 30 have been omitted, 
but the extent of these areas can be seen 
from figure 1. Area 28 extends eastward 
to Nova Scotia, area 30 westward to the 
Yukon delta. Each area is more or less 
restricted geographically, and samples of 
the populations from the various localities 
within each area are very similar to one 
another. Only in area 26 was a possibly 
significant diversity noted. In this case 














the area was subdivided for character (4) 
(figure 6) in order to show this diversity. 

For each area the frequency distribution 
of various percentages of white hairs and 
that of different numbers of white abdom- 
inal fringes [characters (1) to (4)] is 
shown by the histograms in figures 3 to 
6. The meanings of the coordinates of 
these histograms are indicated in figure 2. 
The lower pair of coordinates in this fig- 
ure is used for the histograms in figures 
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Fic. 2. Coordinates which serve as_ bases 
for histograms used in figures 3 to 5 (lower co- 
ordinates) and figure 6 (upper coordinates). 


3 to 5, while the upper pair is used for 
those in figure 6. The underlined num- 
bers in the histograms (figures 3 to 6) 
indicate for each the number of individuals 
studied. The point beneath the ordinate 
of each histogram indicates position of the 
mean. 


(GEOGRAPHICAL VARIATION IN HAIR 
CoLor OF Four SELECTED PARTS 
OF THE Bopy 


The bulk of the data on which this paper 
is based may be seen in figures 3 to 6. In 
character 1, the percentage of white hairs 
at the level of the upper margin of the 
clypeus (figure 3), lowest figures are 
found in the lowlands and foothills of Cal- 
ifornia (areas 1 to 5, for convenience 
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termed the Californian region). Areas 
surrounding this region, that is southern 
Oregon (area 9), the northern Sierra 
Nevada (area 6), and the western slopes 
of the southern Sierra Nevada (area 7), 
have somewhat higher average percent- 
ages of white hairs. In the high southern 
Sierra Nevada, above an altitude of about 
6500 feet, and on the eastern slopes of 
these mountains (area 8, the Sierran re- 
gion) the average percentage of white 
hairs is well over 50. In the Cascade 
Mountains and nearby coastal regions of 
Oregon and Washington (areas 10-14, 
the Cascadian region) the average per- 
centage of white hairs is close to 50. To 
the north and east of this region there is 
again a decrease in the average, as shown 
in areas 15 and 21. These areas stand 
intermediate in this respect between the 
Cascadian region and the central region, 
which extends from Utah to central British 
Columbia and comprises areas 16 to 20 
and 22. There the average is under 25 
per cent. In the southern Rocky Moun- 
tain region (areas 23 to 27) the average 
rises again to near or above 50 per cent. 
In the far northern and eastern areas (28 
to 30, the northern region) the average is 
above 75 per cent, and increases progres- 
sively from southeast to northwest. 

It can be seen that the percentage of 
white hairs at the level of the upper mar- 
gin of the clypeus varies from 0 to 100 in 
various areas, and that the areas can be 
grouped into several regions which differ 
from one another in average percentages 
of white hairs. At least most of these re- 
gions are connected with one another by 
short clines. The arrangement of the re- 
gions seems erratic. Thus along the Pa- 
cific coast, from south to north, one finds 
a sequence of regions of low, moderate, 
low, and high average percentages. These 
irregularities do not entirely obscure a 
cline, more evident in characters 2 and 3, 
from low percentages of white hairs in the 
southwest to high percentages in the 
north and east. 

In character 2 (figure 4), the percent- 
age of white hairs across the mesoscutum 


2D flags ie Cas — we ste mab 


, 4 - hes ee ae 
Oe kr a Ce aie ea 


Bie in ine oa RE 







CHARLES D. MICHENER 


















































Fic. 3. Map showing by histograms the frequency distributions of the percentage of white 
hairs along a line between the eyes tangent to the upper margin of the clypeus in the females 
(character 1). Numbers in or beside the areas outlined in broken lines are those of the 
areas. Underlined numbers near each histogram indicate the number of specimens upon which 
the histogram is based. The significance of the coordinates of the histograms is shown in fig- 
ure 2. The point beneath each histogram is the average percentage for the area. 
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Fic. 4. Map showing by histograms the frequency distributions of the percentage of white 
hairs along a line across the mesoscutum between the anterior ends of the tegulae in the fe- 
male (character 2). For additional explanation, see figure 3. 


between the anterior ends of the tegulae, 
average figures near zero occur in the 
Californian region (areas 1 to 5). Only 
slightly higher average percentages are 
found in surrounding areas, namely south- 


ern Oregon (area 9), the western slopes 
of the southern Sierra Nevada (area 7) 
and in the northern Sierra Nevada (area 
6), but an average over 50 per cent occurs 
in the Sierran region (high southern 
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Fic. 5. Map showing by histograms the frequency distributions of the percentage of white 
hairs along the scuto-scutellar suture in the female (character 3). The dots are localities where 
males with acute antennae have been collected. For additional explanation, see figure 3. 


Sierra Nevada and the eastern slopes of near 75 per cent. Areas 24 to 26 in Col- 
the range in the same general area, i.e., orado have somewhat higher averages, 
area 8). The Cascadian region (areas 9— particularly the southeasternmost one 
14) shows average figures near or be- (26), while areas 23 and 27 in Arizona 
tween 25 and 50 per cent. In the central and New Mexico have averages near 100 
region (areas 15 to 22) the averages are per cent. So few specimens are available 













from the last two areas, however, that the 
figures may be of little significance. In 
the northern region (areas 28 to 30) the 
average is near 100 per cent, and increases 
from southeast to northwest. 

It is evident that in this character there 
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is a cline from low average figures in the 
south and west to high in the north and 
east. The cline is far: more continuous 
than in the case of character 1, principally 
because the figures for the central region 
(areas 15 to 22) are high enough to be 
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Fic. 6. Map showing by histograms the frequency distributions of the number of abdominal 


terga with white apical fasciae (character 4). 


For additional explanation, see figure 3. 
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Fic. 7. Graph showing the variation in averages of the four hair color characters in thirty 
areas. Characters 1 to 3 are based on the ordinate at the left, character 4 on the ordinate at 


the right. 


intermediate between those of the Cascad- 
ian region and those of the southern Rocky 
Mountain and northern regions. It should 
be noted that the regions of relative uni- 
formity in average figures are essentially 
the same as for character 1, the main dif- 
ferences being that areas 15 and 21 fall 
definitely with the central region rather 
than intermediate between that and the 
Cascadian, and areas 23 and 27 fall more 
clearly into a region of their own instead 
of into the southern Rocky Mountain 
region. 
Character 3 (figure 5), which is the per- 
centage of white hairs across the scuto- 
scutellar suture, varies in nearly parallel 
fashion to character 2, the average figures 
commonly being different but the direction 
of variation the same. Area 15 falls more 
nearly with the Cascadian than with the 
central region. The average percentage 
of white hairs in the central region is 
nearly as high as in the southern Rocky 
Mountain region, areas 23 and 27 falling 


into the latter for this character, and the 
percentage in the southern Rocky Moun- 
tain region is nearly, or in some areas 
quite as high as in the northern region 
(areas 28 to 30). 

Character 4 (figure 6), the number of 
abdominal terga fringed with white hairs, 
is less useful than the others since the 
range of variation is only six (from zero 
to five), a figure which is in effect reduced 
to five because no individuals have only 
the first tergum fringed with white. Thus 
specimens occur with no white on the ab- 
dominal terga, with white fasciae on the 
first two, first three, first four, or first five 
terga. 

The average number of terga with 
white hairs on the posterior margins is 
near zero in the Californian region, par- 
ticularly so in the areas 1, 2, and 3. In 
the marginal areas of the Californian re- 
gion (6, 7, and 9) the average is some- 
what higher (1.0 to 1.5.). In the rest of 
the range of the species, the only generali- 
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zation which seems possible from the 
available data is that there is a somewhat 
irregular cline from low averages in the 
northern region to high in the southern- 
most areas. Thus particularly high aver- 
ages occur in areas 8, 23, 27, and 26A. 
High averages also occur in areas 12 and 
15 of the Cascadian region. From these 
data it can be seen that excluding the Cal- 
ifornian region the cline shown by this 
character is nearly opposite in direction 
to those shown by characters 1 to 3, that 
is, in general, it is a cline from more pale 
hairs in the south to fewer in the north. 

The above data on hair color variations 
is graphically summarized in figure 7, in 
which the areas, indicated across the bot- 
tom of the graph, are placed in geographic 
order as far as is possible in a linear ar- 
rangement. 

Variability 

Another feature of hair color which 
varies geographically is its intrapopula- 
tional variability. As would be expected, 
variability in hair color is virtually absent 
in any part of the body when the percent- 
age of white hairs in that part reaches 
zero or 100 per cent. It is impossible for 
the pubescence to be blacker than all black 
or whiter than all white. See, for ex- 
ample, the histograms for areas 1 and 28, 
figure 5. It is this feature of the. vari- 
ability which makes it impossible to use 
ordinary statistical methods, based on the 
normal curve, in this study. An approxi- 
mation to the normal curve may be seen 
in certain histograms, for example that for 
area 8, figure 5 and area 21, figure 4. In 
most areas, however, one end of the nor- 
mal curve or the other is cut off by the 
zero or the 100 per cent line. 

The most striking feature of the vari- 
ability of this species is the very wide 
range of variation in all large samples from 
the Cascadian region. In certain areas 
the variability of characters 2 and 3 is 
from zero to 100 per cent. Even more 
remarkable, there is usually no tendency 
for high frequencies of percentages more 
or less midway between these extremes. 


On the contrary, the histograms tend to 
be low and flat, sometimes even bimodal 
(for example, area 11, figure 5). 

These facts do not indicate that there 
are in the Cascadian region two or more 
geographically overlapping but noninter- 
breeding forms. There is instead a single 
highly heterogeneous population. This is 
shown by the existance of individuals with 
low percentages of white hairs for one 
character but high for another. Figure 8 
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Fic. 8. Diagram showing the correlation be- 
tween characters 2 and 3 among specimens from 
two parts of the Cascadian region. Dots rep- 
resent individuals from area 10, crosses repre- 
sent those from Mount Hood, Oregon, one of 
the localities in area 12. 


shows the correlation of characters 2 and 
3 for the individuals of areas 10 and for 22 
individuals from Mount Hood, Oregon, 
one of the localities in area 12. It can be 
seen that in each area there was a speci- 
men with 20 per cent of the hairs white for 
character 2, 90 per cent for character 3, 
as well as various other individuals with 
markedly different ratios of black and 
white hairs for the two characters. 


ORIGIN OF GEOGRAPHICAL VARIATION IN 
Harr Coior 


Since the variation in hair color is in 
the main parallel to that observed in many 
species of the related genus Osmia, i.e., 
most melanic in California and becoming 
paler to the north and to the east as well 
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as in high mountains, it has been sug- 
gested that the variations in hair color 
might be the result of direct effects of en- 
vironmental factors acting on individual 
bees. A direct effect of temperature on 
melanin formation has been observed in 
other insects. Nevertheless direct en- 
vironmental action does not appear to be 
the explanation, for in the Californian 
region black females occur wherever the 
species is encountered, whether at sea 
level along the cool and fogbound northern 
coast, on the arid brush-covered southern 
hillsides, or in the forests at 7000 feet al- 
titude in the southern California moun- 
tains. If climate had a direct effect, indi- 
viduals from three climates as different as 
these would be expected to be different. 
Furthermore, samples taken in one year 
at a given locality are not significantly 
different from those taken other years. 
Different weather conditions of different 
years thus do not seem to influence the 
ratio of black hairs to white. We must 
assume then that like geographic varia- 
tions in other animals which have been 
studied genetically, those of H. albifrons 
are genetically controlled and not much 
subject to effects of ordinarily varying en- 
vironmental conditions. 

We are dealing, apparently with an 
“ecological rule,” just as valid for this 
group of bees as are Bergmann’s rule, 
Gloger’s rule, and the like (see Rensch, 
1936, 1938) for warm blooded vertebrates. 
We may, indeed, be dealing with a vari- 
ation of Gloger’s rule, which states that 
melanins increase in warm and humid 
climates. Of course the Californian re- 
gion, where the most melanic form occurs, 
is the warmest part of the range of the 
species. It is also relatively arid, so that 
part of Gloger’s rule relating to humidity 
does not apply. It is possible that this is 
correlated with the fact that the larval and 
pupal periods of Hopliis and Osmia are 
passed sealed up in cells where the hu- 
midity may be relatively constant and high 
regardless of external aridity. Gloger’s 
rule has already been found more or less 
valid for a considerable number of insect 








CHARLES D. MICHENER 


groups, for example vespoid wasps (Zim- 
mermann, 1931), beetles (Netolitzky, 
1931; Dobzhansky, 1933), and butterflies 
(Hovanitz, 1941). 

The reason for the variation in color 
of the pubescence is not clear. The ex- 
istence of extensive clines shows that the 
genes affecting color must have a certain 
adaptational or selective value. Since 
these bees frequently alight on the ground, 
there might be selection in favor of indi- 
viduals matching the soil color. This is 
not the case, however, for the darkest form 
occurs in an arid area, California, where 
the soil is relatively pale, so that the black 
females stand out strikingly when resting 
upon it. It must be assumed that the 
pigmentation is controlled by pleiotropic 
genes which also control some other fac- 
tor of selective value. Perhaps the pig- 
ments are by-products of specific metabolic 
processes having varying selective values 
in different areas. 

Since most species of Hoplitis are char- 
acterized by an absence of black hairs, and 
since the widespread female forms of H. 
albifrons as well as males everywhere have 
considerable white pubescence, it is as- 
sumed that the near absence of white in 
the females of the Californian region is a 
specialization. The hair color clines are 
stepped in several places, the steps defin- 
ing the regions already discussed. The 
step delimiting the California region, how- 
ever, is more abrupt and of greater am- 
plitude than the others. Moreover, as 
already stated, the Cascadian region, to 
the north of the Californian region, is 
characterized by very great intrapopula- 
tional variability in hair color. For these 
reasons it is suspected that the dark Cali- 
fornian form arose in geographical isola- 
tion, and that the present zone of inter- 
gradation is a secondary one. (This idea 
is supported by evidence presented below 
concerning antennal form in the males. ) 

Further information on the nature of 
the abrupt step surrounding the Cali- 
fornian region is needed. Data from a 
transect of the western slope of the south- 
ern Sierra Nevada and of the zone be- 
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tween areas 9 and 10 would contribute to- 
ward an understanding of what factors 
may have isolated the Californian form in 
the past from other races of the species. 

It is difficult to see what geographical 
barrier might have isolated the Califor- 
nian form, since the western mountains 
run north and south and the coastal cli- 
mate is relatively uniform. It is just pos- 
sible that this form was isolated on one or 
more of the islands which existed through 
Pliocene time in the region where Cali- 
fornia now lies. Regardless of the reason 
for the original discontinuity, however, it 
is possible that the secondary hybridiza- 
tion occurred in the Pleistocene when the 
cold climate allowed the northern forms to 
move southward and to lower elevations. 
Perhaps it was then that the pale haired 
form made its way along the Sierra Ne- 
vada. Perhaps it is only because of the 
admixture of Californian genes which has 
occurred since the time of hybridization 
that the species is able to occur down to 
sea level in the Pacific Northwest under 
currently warmer climatic conditions. 

If the high variability of the Cascadian 
region results from an admixture of Cali- 
fornian genes, there ought to be a cline, 
in spite of expected local irregularities, 
through the Cascadian region from less 
white in the south, close to the Califor- 
nian region, to more in the north, far from 
it. This is not the case. Furthermore, if 
the Cascadian region were a mere zone of 
intergradation, the intrapopulational vari- 
ability ought to decrease gradually toward 
the southern as well as northern and 
eastern limits of the region. Instead the 
variability decreases abruptly, particularly 
at the southern margin of the Cascadian 
region. It seems probable that the vari- 
ability in this region did arise through 
hybridization as suggested above, but 
that a balanced variability ensued. The 
expression balanced variability is used to 
indicate a stable optimum proportion of 
the various genes controlling hair color, 
any deviation from this proportion being 
disadvantageous. This seems to be the 
most probable mechanism for maintaining 


high and uniform variability over such 
a wide area. It is comparable to Ford’s 
(1940) balanced polymorphism, except 
that the variability is continuous rather 
than discontinuous. The Cascadian re- 
gion then seems to be an area where the 
environmental factors, which elsewhere 
select for certain of the genes which con- 
trol hair color and eliminate others, fail 
to operate for some reason. 

It is not certain why high variability, 
comparable to that of the Cascadian re- 
gion, does not occur in the Sierran region, 
a strip of territory adjacent to the Cali- 
fornian region and separating the latter 
from the uninhabited Great Basin desert. 
It may well be, however, that, the cli- 
matic conditions of the high Sierra Nevada 
and of their arid eastern slope make such 
variability disadvantageous. The origin 
of the Sierran populations is of interest. 
since they are separated from other sim- 
ilarly pale populations to the east by desert 
not suitable for the species and to the 
north by the lower northern portion of 
the Sierra’ Nevada range which is inhab- 
ited by populations deviating only slightly 
from those of the Californian region. The 
Sierran populations resemble most closely 
those of the southern Rocky Mountain and 
central regions. As already suggested, 
they probably reached the southern Sierra 
Nevada from the north via the mountain 
ranges during the Pleistocene glaciation 
and became isolated when warmer cli- 
mates made the low northern Sierra Ne- 
vada unsuitable for such pale forms. 

From the examination of figure 1 it 
can be seen that the southern Rocky 
Mountain region is separated from the 
central region by a considerable zone 
which is believed to be environmentally 
unsuited to the species. No doubt this 
discontinuity in distribution is an impor- 
tant factor in maintaining the observed 
average differences in hair coloration be- 
tween the two regions. It is also note- 
worthy that areas 23 and 24, specimens 
from which have certain distinctive fea- 
tures in common (see figure 4), are 
nearly connected by a belt of apparently 
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habitable territory from which no collec- 
tions are available, and that unsuitable 
terrttory surrounds this belt. It is thus 
apparent that the steps in the hair color 
clines in that portion of the range where 
the distribution is discontinuous coincide 
with the major discontinuities. In other 
words we are dealing here with slightly 
differentiated insular races. In contrast, 
there are no known distributional dis- 
continuities between the Californian, Sier- 
ran, Cascadian, central, and northern re- 
gions. 


ANTENNAL POLYMORPHISM 


An additional character which varies 
geographically within the species is the 
shape of the last antennal segment of the 
male. In most parts of the range, this 
segment is simple and rounded. How- 
ever, in and near areas 8, 6, and 10 (fig- 
ure 5) males occur in which the last an- 
tennal segment is drawn out into an acute 
point, a characteristic which until re- 
cently was considered as of generic im- 
portance in this group and which is of 
regular occurrence in certain other sub- 
genera of Hoplitis. Although the char- 
acter is subject to considerable variation 
in H. albifrons and intermediates do exist 
between acute and normal, the great ma- 
jority of specimens can be placed as either 
acute or normal without hesitation. The 
high percentage of acute antennae found 
in and near areas 6, 8, and 10 is surpris- 
ing. (The nearby localities are ones from 
which .females are unknown, and which 
therefore are not included in the areas 
delimited for a study of female hair color.) 
At Crater Lake, Oregon (in area 10), the 
only locality within these three areas from 
which a moderate number of males is 
known, 12 specimens or 85.7 per cent of 
the total sample of 14 males have acute 
antennae. Only 40 males are available 
from the whole of areas 6, 8, and 10 to- 
gether. Of these 36 or 90 per cent have 
acute antennae. Males are available from 
all the adjacent areas, but not one has 
acute antennae. 

Areas 6, 8, and 10 do not fall in any 
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one of the regions utilized in the study of 
the pubscence of the females. The only 
feature which these three areas seem to 
have in common is that they are marginal 
to the Californian region but outside of 
it as shown by the moderate to high per- 
centages of white hairs on females from 
these areas (see figure 5). 

This appears to be another indication 
that the intergradation between the Cali- 
fornian region and adjacent regions is 
secondary. Possibly the normal antennal 
apex has a selective advantage in most 
areas, and was stabilized in the Californian 
region by different genes from those in 
other regions. In this case the acute apex 
would appear on hybridization. Regard- 
less of the origin of the acute antennae, 
however, the gene or genes which pro- 
duce it must have a marked selective ad- 
vantage in the genetic environment of the 
zone immediately outside of the Cali- 
fornian region, for in this zone between 
85 and 90 per cent of the males have acute 
antennae. We have here a case of poly- 
morphism (probably balanced, see Ford, 
1940) in which the frequency of the ap- 
parently derived form is extraordinarily 
high in particular areas. On the other 
hand, elsewhere in the range of the spe- 
cies, acute antennae must be a disadvan- 
tage, for they do not occur at all. 


TAXONOMY 


It would be possible to define a separate 
subspecies for each of the regional popula- 
tions discussed in connection with hair 
color. However, several of these would 
be distinguishable from one another only 
on the basis of minor average differences 
in the ratio of white hairs to black in 
different parts of the body. The follow- 
ing system is more conservative and 
probably much more useful : 


HopLitis ALBIFRONS ALBIFRONS (KuirBy) 


FEMALE: Pubescence of middle of face more 
than half pale; pubescence of mesoscutum and 
mesoscutellum usually entirely pale; at least 
second and third abdominal terga with apical 
fasciae of white pubescence at sides. 
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DistriBuTION : Northern North America from 
New Hampshire and Nova Scotia to Hydson 
Bay and from Wisconsin to Great Bear Lake 
and Alaska (northern region). 


HopLiTIS ALBIFRONS ARGENTIFRONS (CRESSON) 


FEMALE: Pubsecence of middle of face usu- 
ally more than half black; at least some black 
hairs mixed with the white on mesoscutum and 
sometimes a few on mesoscutellum; at least 
second and third abdominal terga with apical 
fasciae of white pubescence laterally. 

DistrRIBUTION: The Rocky Mountains from 
New Mexico to Alberta, thence westward to 
the Pacific from British Columbia to Oregon 
and to the higher parts and eastern slope of 
the Sierra Nevada in California (central, south- 
ern Rocky Mountain, Cascadian, and Sierran 
regions). 


HopLiITISs ALBIFRONS MAURA (CRESSON) 
' 


FEMALE: Pubescence wholly black, sometimes 
with a few white hairs on face. 

DistrisuTion: California and southwestern 
Oregon west of the Sierran divide and for the 
most part below an altitude of 5000 feet (Cali- 
fornian region). 


SUMMARY 


The geographical variation of 30 popu- 
lations of the solitary bee, Hoplitis albi- 
frons (Kirby), is analyzed. The hair 
color of four selected parts of the body of 
females varies from prevailingly white to 
mostly dark. In three characters there 
is a general cline from dark extreme in 
southern California to a much lighter 
coloration in the northern and eastern 
parts of the range. The Cascadian popu- 
lations, which connect the dark Californian 
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race with the paler northern races, are 
extremely variable. In some areas there is 
polymorphism in the shape of the anten- 
nae. The role of the Pleistocene in this 
distribution pattern is discussed. 
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Great impetus has lately been given the 
study of evolution through a revival of 
concern for processes and conditions in 
natural populations which lead to or in- 
fluence progressive change. There has 
long been a realization among naturalists 
that the critical step in evolution is the 
segregation of individuals bearing distinc- 
tive hereditary features, more and more 
exclustvely, into groups—populations, 
races, species— until aggregations emerge 
which are the sole possessors of a number 
of structural and physiologic attributes, or 
of particular combinations of such attri- 
butes. The late widespread application of 
genetics to population problems has joined 
forces of geneticists and systematists— 
the newer systematists, those who for 
some time have been the discerning leaders 
of their field and as such have been aware 
of the total biology, including genetics, of 
the organisms with which they dealt. 

As attention has focused on populations 
in evolution, some exceedingly illuminat- 
ing mathematical deductions have been 
made by Haldane, Fisher, Wright and 
others, showing the interplay between 
mutation rate, selection pressure, and 
population size. We gain from them 
a picture of equilibria, or of shifting 
equilibria, between the forces concerned 
based on known genetic facts and as- 
sumed values for selection rate and pop- 
ulation size. If these authors’ deductions 
are basically correct, and I have not noted 
them challenged mathematically, we have 
an outline of some of the vital parts of 
the evolutionary process. The following 
specific conclusions may be pointed out: 
(1) small populations tend to show ran- 
dom fixation of variants (Sewall Wright 
effect), with selection having little in- 
fluence; (2) in large populations, muta- 
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tion rate being a constant and random fix- 
ation not a factor, selection, even of very 
weak order, is the guiding influence in 
shifting gene frequencies; (3) a group of 
many moderately small, imperfectly iso- 
lated populations is the most favorable 
situation for developing new combinations 
of genes with, occasionally, new and per- 
haps high selective values ; these combina- 
tions, because of their advantage, and 
with or without changing environmental 
conditions, may then take over larger 
areas, supplanting part or all of the former 
loosely connected group of populations. 
The extensive and critical role that iso- 
lation plays in setting apart populations 
in such a series of processes is at once 
obvious. 

A major deficiency in the mathematical 
picture of population dynamics is that 
true values for the items in the equations 
are largely unknown and indeed in some 
instances seem almost impossible of pre- 
cise determination. In a very few organ- 
isms mutation rates have been ascertained 
and the general order of magnitude of mu- 
tation rates may be assumed with some 
confidence. Selection rates in nature, and 
they must after all be ascertained in nat- 
ural populations to have any real validity, 
are exceedingly difficult to register. Ef- 
forts in this direction may be said to have 
yielded little in the way of precise results. 

The determination of population size 
offers more hope, yet it presents many 
complications. As Dobzhansky (1941: 
166) has pointed out, it may be a relatively 
simple matter to determine size in small 
fully isolated populations in which there 
is complete panmixia. But most popula- 
tions are not of this order and many facets 
of their organization—density, localiza- 
tion, dispersal rate and distance, complete- 
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ness of external isolation, geographic out- 
lines, rate and degree of participation in 
reproduction, and cyclic fluctuations— in- 
fluence the size of the effective breeding 
population, the all important capital N in 
the equations. These complexities may be 
subsumed under the expression population 
structure. 

Our thinking may be directed along 
specific channels by picturing some situa- 
tions applicable to bird populations. Ef- 
fective breeding population means of 
course the group of individuals actually 
giving rise to the succeeding generation 
which are freely inclined and able to breed 
with any other individual of this group 
of appropriate sex. Actually this free- 
dom of breeding or panmixia is not an 
absolute thing, a situation either present 
or absent. It is a variously graded phe- 
nomenon, with a number of complications. 
Some efforts to express this gradation in 
geometric terms have been offered. Take 
the expressions \/ K R and K N of Wright 
(1943: 117), in which R equals the radius 
of the area from which the parents of an 
individual may have been drawn, N the 
number of breeding individuals in that 
area and K the number of generations in- 
volved. The grandparents would have 
been derived from an area equal to V/2R 
and a population 2 N, etc. This formula- 
tion, of course, is designed to show the 
spreading base for the inheritance of one 
individual, areally and numerically, back 
through successive generations. The pic- 
ture of graded panmixia in time is valu- 
able, but we must further realize that pan- 
mixia in an area and group involved in a 
single generation also involves a gradient. 

The average distance from which the 
parents of an individual might come is a 
misleading datum. The actual distances 
from which parents are drawn when 
plotted against frequency would form a 
curve of unpredictable configuration, but 
certainly the preponderance of parents 
would come from close at hand with a 
few from more widely scattered sources. 
Parents of 20 individuals arising at one 
locality might come from areas with an 
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average radius of 2.5 miles; actually in 
this situation parents of 15 of the indi- 
viduals might have come from within 2.5 
miles and parents of 9 of them from within 
1 mile. The panmixia is nearly perfect 
close at hand but becomes reduced periph- 
erally at undetermined rate and perhaps 
at uneven rate. 

What factors actually influence pan- 
mixia in birds? A majority of terrestrial 
species are territorial in behavior during 
the breeding season, at least. In them 
there is a high degree of location con- 
stancy, one individual normally breeding 
on the same territorial plot throughout 
its life; this is known from a large num- 
ber of banding and marking studies. Be- 
cause this is true of both sexes, the same 
individuals tend to mate in successive 
years even though they may not be indi- 
vidually attracted or fixedly associated as 
mates throughout the year or even in the 
breeding season. There is of course a 
short life expectancy in many small birds, 
normally 2 to 3 years after reaching adult- 
hood, and new matings must occur each 
year in number as lost mates are replaced 
and vacated territories are reoccupied. 

Panmixia is therefore attained largely 
through the dispersal of young individuals, 
not through freedom of crossing or mate 
selection of settled adults. A question of 
prime importance is, then, how far from 
their point of origin do the young birds 
settle. If the adults survive the breeding 
season, the young in many species are 
driven off to find unattached mates and 
unoccupied locations in the territorial 
structure. How far will they have to 
go? In resident species the young per- 
haps drift no farther than necessary, al- 
though they may pass up by chance or 
ineptitude some localities near at hand. 
If the survival for the season has been 
high, few vacancies exist and they drift 
farther, thus extending the limits and the 
degree of panmixia. The young are not 
wasted to the degree they are in many 
lower organisms by blind dispersal gov- 
erned solely by their motile powers or by 
physical factors limiting movement. A 
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period of years of successful reproductivity 
in a territorial bird should therefore have 
a special effect of increasing the area of 
panmixia and accordingly breaking down 
local isolations or mere isolation by dis- 
tance. 

In migratory species young do not lay 
claim to breeding territory until, at earliest, 
the spring following their origin. They 
do show a remarkable ability to return 
to the vicinity of the place they were 
raised, but the return is not perfect by 
any means and panmixia is certainly en- 
hanced by the mere fact that the young 


- have been far away and are confronted 


with many local alternate sites for settling 
in the area of origin as they move in from 
the wintering range. 

Nice (1937, 1943) in her work on Song 
Sparrows (Melospiza melodia) in Ohio 
dealt with a population that was partly 
resident and partly migrant. Actually she 
had little proof that the birds which left 
her check area in winter and which she 
designated migrants did more than break 
their local ties to spend the winter within 
a short distance of the breeding territories. 
But, in any event we may use her very 
valuable field data concerning this popula- 
tion in order to derive a picture of the 
freedom of interbreeding. 

Nice established these facts : Song Spar- 
rows occupy territories 50 to 85 meters 
in diameter. Males usually occupy the 
same territories in successive years, but 
not uncommonly territorial boundaries 
may be shifted distances up to the equiv- 
alent of the width of a territory. Fe- 
males return to their former territories 
in 37 per cent of the cases, in 30 per cent 
settle “next door,” and otherwise farther 
away. Individuals attaining adulthood 
live only 2% years on the average. 
Young males banded in the nest, in so 
far as they have been recovered, settle 100 
to 1400 meters from home, 280 being the 
median distance (not mean or modal). 
The median distance for females was 270 
meters, essentially the same. In other 
words half the young settled no more 
than 4 or 5 territories away from point of 
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origin. The distances might average even 
less in a purely resident population. The 
weakness of these data, through no fault 
of the investigator, lies in lack of records 
for young settling outside the check area, 
which was about 500 by 800 meters. This 
defect may be partly overcome by the 
following analysis: one-third of the young 
males settling in the check area were nest- 
marked. Two-thirds must then have come 
from outside, and, conversely, assuming 
balanced reproductive success in the gen- 
eral vicinity, two-thirds of the locally 
raised young went outside to establish. 
However, these last may have gone only 
a short distance outside. Even if the 
median distance of dispersal was only 280 
meters, roughly one-half of the whole 
juvenal crop would have settled outside 
the check area anyway. Perhaps less than 
a 44 moved farther than the median figure 
of 280 would suggest. A number of 
crudities enter into these estimates, but 
we may suppose that the median distance 
of dispersal was actually not more than 
400 meters. 

I have taken Nice’s basic data for indi- 
vidual birds from her maps and plotted 
the distance each young bird travelled 
to settle (see figure 1). The significant 
things shown by this curve are that no 
bird settles precisely at its point of ori- 
gin, and that beyond 300 yards the num- 
bers fall off abruptly. Thus although 
the right hand part of the curve is im- 
perfect owing to lack of data for maxi- 
mum distances, it is clear that even within 
the check area the numbers for the greater 
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Fic. 1. Distance from point of hatching at 
which young Song Sparrows settle for breeding. 
Ordinate, number of individuals; abcissa, dis- 
tance in hundreds of meters, with class interval 
of one hundred meters (1 = 50 to 150 meters). 
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distances are already much reduced. Pan- 
mixia is nearly perfect in one generation 
up to 400 meters, but it drops sharply be- 
yond that point. 

The figure of 400 meters may serve to 
set the limits of the effective breeding unit 
as conceived by Wright (1943). Not only 
is it the radius within which there is full 
panmixia in one generation, but it is the 
estimated median distance of dispersal of 
the young. The breeding population 
within such a radius when calculated from 
Nice’s maps and data for territories is 
about 150 individuals in a normal year; 
this total perhaps fluctuates from year 
to year, in accordance with amplitudes 
she has indicated, from 65 to 215 indi- 
viduals. Therefore the Song Sparrow, 
an abundant bird, and in the aggregate 
forming immense continuous populations, 
actually is seen to exist in small effective 
breeding units. Wright has concluded 
(Joc. cit.) that if the unit is in the order 
of 100, considerable local differentiation by 
random fixation may be expected al- 
though only over a distance ten to a hun- 
dred or more times the radius of the unit. 

Another species in which the population 
structure has been well studied is the 
Wren-tit (Chamaea fasciata), a bird of 
limited mobility and an inhabitant of dense 
chaparral. Erickson’s work (1938) on 
this species shows that territories range 
from 50 to 100 meters in diameter and are 
occupied throughout the year and from 
year to year by the same individuals, as 
pairs, so long as they survive. The aver- 
age life span of 4 to 5 years is higher than 
in the Song Sparrow and the reproductive 
rate is correspondingly lower. The adult 
population is then even more fixed than 
in the Song Sparrow, with slower re- 
placement. These circumstances would 
slow down diffusion of genes through the 
population, but the trend is opposite in 
the important matter of establishment of 
young individuals. Of the 46 young 
banded in the nest by Erickson not one 
settled to breed in the check area of 300 
by 300 meters, although a number of 
young replacements from outside did. 


It thus appears that the wandering, al- 
though slow and inconspicuous in this 
bird of slight powers of flight, is rather 
extensive ; the median distance for settle- 
ment is much greater than 300 meters, 
which figure would seem to be a minimum. 
Probably the median distance is 600 or 
700 meters. The size of the effective 
breeding unit would then be about 500 
compared with 150 in the Song Sparrow, 
yet it still is presumably within the limits 
of 1000, below which some random fluc- 
tuations in gene frequencies may be ex- 
pected. 

Some other population sizes may be 
briefly noted. The now extinct Laysan 
Rail, Porzanula palmeri (Baldwin, 1947), 
which occupied an area approximately a 
mile in average diameter on Laysan Is- 
land, had a total species population of 
2000 which must have been essentially 
panmictic. The California Condor, Gym- 
nogyps californianus, with a species pop- 
ulation of 50 breeding individuals is prob- 
ably panmictic, or at most imperfectly 
subdivided into two breeding groups; the 
rate of breeding and new mating is very 
slow. Formerly the species must have 
numbered many thousands, with many 
local effective breeding groups. 

On the channel islands of southern Cali- 
fornia are populations of Loggerhead 
Shrikes (Lanius Iudovicianus) essentially 
fully isolated from those of the mainland. 
The population on twenty-mile long San 
Clemente Island (50 miles from the main- 
land), I judge from knowledge of ter- 
ritory and dispersal factors in this species 
(Miller, 1931) is probably only 50 and is 
fully panmictic. The population is differ- 
ent in characteristics of color and dimen- 
sion from that on Santa Catalina Island 
(20 miles from San Clemente and 20 miles 
from the mainland) which is probably of 
about the same size. The differences are 
not conceivably of selective value, con- 
trary to the situation in some wide-rang- 
ing mainland forms of this species, and 
it would appear that there has been ran- 
dom fixation of variability in these very 
small, well isolated populations. The 
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same is true of some the Song Sparrow 
races of the channel islands, as for ex- 
ample that of Santa Barbara Island and 
that of San Miguel Island. 

Of what order of magnitude are the se- 
lection rates that may be operative in some 
of the fully isolated populations here un- 
der consideration? In the population of 
shrikes on San Clemente Island the rate 
would have to be considerably greater 
than 4N = .01 (see Wright, 1940) in 
order to overcome random fixation. If 
we may judge from absence of adaptive 
features of coloration, the selection rate 
has not been that high for those characters 
in this population. In the Laysan Rail 
selection would not have dominated ran- 
dom fixation unless of rate greater than 
00025. The rates of course were prob- 
ably much higher than this for some 
characters. 

Mainland populations of Song Spar- 
rows also show many local fluctuations of 
random sort, no two groups from a few 
miles apart showing evidence of just the 
same gene frequencies. But usually these 
local differences do not become prominent 
enough or uniformly enough developed 
over a significant area to have risen to a 
level usually accorded taxonomic status. 
However their existence would seem to 
have provided necessary minor diversity 
from which selection of groups bearing 
particular gene combinations has built 
up the subspecies units. Some of these 
subspecies have rather limited ranges to 
be sure, in one instance (Melospiza mel- 
odia maxillaris) amounting to a diameter 
of only 25 miles (Grinnell and Miller, 
1944 : 548, figure 57) ; and not all possess 
external structural characters, at least, 
that are obviously adaptive. On the whole 
though, these mainland races seem to pos- 
sess something additional to the local ran- 
dom character fixations resulting solely 
from small effective breeding populations. 
They represent occupants of minor adap- 
tive peaks, to use Wright’s metaphor 
(1932), in the development of which selec- 
tion has had some play and to which iso- 
lations other than mere isolation by dis- 
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tance have often given added definition. 

The coloration of the pale desert race, 

Melospiza melodia saltonis, is surely in 

some measure adaptive and attributable to 

selection. 

The significant aspect of the picture of 
mainland populations of Song Sparrows 
and their differentiation herein drawn 
together is that it supports in a direct and 
concrete way the mathematically derived 
theories set forth by Wright (1943: 137). 
More specifically the evidence from the 
Song Sparrows substantiates his view that 
short range dispersal (N in the order of 
100 with area continuity) “leads to con- 
siderable [random] differentiation not 
only among small subdivisions but also 
of large ones.” And it further tends to 
show that when the effective breeding 
unit is small in a continuous distribution 
“there is predominantly adaptive differ- 
entiation of the larger subdivisions with 
predominantly nonadaptive differentiation 
of smaller subdivisions superimposed on 
this.” 
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INTRODUCTION 


It is commonplace that the evolutionary 
changes which organisms underwent dur- 
ing the immense time span of the earth’s 
history cannot be reproduced in labora- 
tory experiments. Howeyer, too much 
stress has often been laid on this obvious 
limitation of the experimental method. 
Drosophila mutants described by classical 
geneticists certainly suggest degradation 
and decay rather than adaptation and evo- 
lution. Misled by this superficial ap- 
pearance, some critics have questioned the 
validity of all interpretations of evolution 
based on inference from experimental 
data. Although such sceptical voices are 
now heard less and less often, it remains 
desirable to devise experiments which 
could serve as models of evolutionary 
changes that occur in natural populations. 

Mutations that arise in normal strains 
of species living in their habitual environ- 
ments are deleterious, or at best neutral, 
to their carriers. This is expected on 
theoretical grounds, because almost any 
mutation that one can observe in experi- 
ments had arisen repeatedly in the natural 
populations of the species, and, conse- 
quently, had been exposed to the action 
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of natural selection. Any genetic change 
that increases the survival value of the 
organism in the environment in which it 
normaly lives, probably has had the op- 
portunity to become incorporated in the 
genotype of the species. In a static en- 
vironment, mutation is, generally speak- 
ing, a destructive process kept under 
control by natural selection. It may be- 
come constructive and adaptive either 
when the external environment is altered 
or when some parts of the genotype must 
become readjusted to other changing parts 
of the genetic system (Dobzhansky, 1937, 
1938). It follows, that two kinds of ex- 
perimental designs are most likely to 
permit detection of favorable mutations. 
First, the experimental cultures may be 
placed in environments unusual for the 
species. Mutations that are deleterious 
in the normal environment may be useful 
in altered environments. Second, the 
strain or strains chosen as iiiitial material 
for experiments may contain genetic vari- 
ants that are deleterious to their carriers. 
New mutations, or recombination of genes 
carried in the strain in unfixed condition, 
may then be found to counteract the detri- 
mental effects of the genetic variants 
present in the initial material. 

The second of the above experimental 
designs has been made use of in the work 
reported in the present article. Seven 
strains of Drosophila pseudoobscura were 
chosen which were known to be homozy- 
gous for second or for fourth chromosomes 
carrying recessive genes or gene com- 
plexes deleterious to the flies. In two 
series of experiments, these strains were 
placed in such conditions that natural se- 
lection encouraged the spread of mutations 
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or of gene combinations that improved the 
viability of the flies. Such improvement 
was indeed observed. In two other series 
of experiments, the same strains were kept 
in a way that permitted deleterious muta- 
tions to accumulate in certain chromo- 
somes sheltered from the control of 
natural selection. The genetic contents 
of these chromosomes have in some cases 
deteriorated with time. 
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TuHeE INITIAL MATERIAL 


D. pseudoobscura flies were collected in 
1940 and 1941 at three localities on Mount 
San Jacinto, in California. The names of 
these localities are Andreas-A, Pifion-A, 
and Keen-A (abbreviated AA, PA, KA 
respectively. For description of these lo- 
calities see Wright, Dobzhansky, and 
Hovanitz, 1942). To analyze the genetic 
contents of second chromosomes of the 
wild flies, single wild males, or single sons 
of wild females, were outcrossed to fe- 
males homozygous for the second chromo- 
some recessive gene glass. A single F, 
generation male from each culture was 
then crossed to females that carried in one 
of their second chromosomes the recessive 
gene glass, the dominant Bare, and an in- 
version that suppressed most of the cross- 
ing-over. In the next generation, males 
and females showing Bare, but not show- 
ing glass, were selected and intercrossed. 
This cross produces three classes of off- 
spring, namely, (1) wild-type, homozy- 
gous for a second chromosome inherited 
from the wild progenitor, (2) Bare, het- 
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erozygous for the same wild chromosome 
and for the glass-Bare-inversion chromo- 
some, and (3) glass Bare, homozygous 
for the glass-Bare-inversion chromosome. 
The flies of the class (3) are sublethal, 
and the few specimens that occasionally 
appear in the cultures are ignored in the 
counts. Provided that individuals homo- 
zygous for a given wild chromosome 
(class 1) and those heterozygous for the 
same wild chromosome and for the glass- 
Bare-inversion chromosome (class 2) are 
equal in viability, the wild-type and Bare 
flies should appear in the ratio 1:2, or 
33.3 per cent wild and 66.7 per cent Bare. 

Many wild second chromosomes con- 
tain, however, recessive lethals, semileth- 
als, or genes having relatively mild dele- 
terious effects on the viability of their 
carriers. The wild: Bare ratios change, 
then, in favor of the Bare class. If no 
wild-type flies at all are produced (cul- 
tures with zero per cent of wild-type flies), 
it follows that the wild chromosome tested 
carries a recessive lethal. Since a re- 
cessive semilethal is a gene which destroys 
more than half of the homozygotes, cul- 
tures in which semilethal second chro- 
mosomes are involved produce more than 
zero but less than 16.7 per cent wild type. 
Chromosomes with relatively weak dele- 
terious recessive effects produce between 
16.7 and 33.3 per cent wild-type. This 
method of estimation of the influence of 
homozygosis for second chromosomes on 
the viability of the flies is very sensitive, 
and it can be made precise by raising many 
flies and thus reducing the sampling er- 
rors. A more detailed description and a 
diagrammatic illustration of this method 
can be found in Dobzhansky, Holz, and 
Spassky (1942, figure 1). 

Dobzhansky, Holz, and Spassky tested 
326 wild second chromosomes. The tests 
were made at temperatures of 22-244° C. 
Three of these chromosomes, denoted PA 
748, PA 784, and KA 667, were selected 
for the purposes of the present investiga- 
tion. The results of the tests, made be- 
tween December 1940 and March 1941, 
are shown in table 1. In considering the 
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data in this and in the following tables it 
must, of course, be kept in mind that if the 
flies homozygous or heterozygous for a 
given wild chromosome are equally viable, 
the per cent of wild-type individuals pro- 
duced is 33.3 per cent of the total. 


TABLE 1. Effects of homozygosis for wild second 
chromosomes on viability at temperature of 


22-24.5° C. (1940-41) 

















ciromonome | anuess | Tal | Eee 
PA748 | 9 | 1094 | 181 
PA 78 | 4 | Sid | 24. 
KA667 | 6 | 1421 | 288 





Chromosome PA 748 is almost semi- 
lethal in homozygous condition, as shown 
by the observed percentage of wild type 
flies in the cultures, namely 18.1 per cent 
being not far from half as large as the 
ideal figure, 33.3 per cent. On the other 
hand, homozygosis for KA 667 produces 
only a slight loss of the viability that is 
barely significant statistically. Chromo- 
some PA 784 is intermediate between the 
other two. 

The tested second chromosomes with 
known properties can be conserved and 
perpetuated in laboratory stocks. Two 
methods can be used for this purpose. 
First, flies homozygous for a given wild 
chromosome are isolated and bred to each 
other. Secondly, flies heterozygous for 
the desired wild chromosomes and for the 
glass-Bare-inversion chromosome are in- 
tercrossed; Bare and non-Bare offspring 
are, of course, produced in every genera- 
tion, but only the former are used for 
breeding. The second method is prefer- 
able for maintenance of wild second chro- 
mosomes which reduce the viability of the 
homozygotes. The glass-Bare-inversion 
chromosome acts as a “balancer.” This 
method has, consequently, been adopted. 
The properties of a given wild second 
chromosome can be re-tested at any time 
by interbreeding the Bare flies from a 
given strain under standard conditions, 
and counting the numbers of Bare and 
wild-type flies in the progeny. 


In late 1941 and in 1942, Dobzhansky 
and Spassky (1944) examined the be- 
havior of the chromosomes PA 748, PA 
784, KA 667, and several others at three 
different temperatures, namely at 16%4°, 
21°, and 251%4° C. The results obtained 
are shown in table 2. 


TABLE 2. Effects of homozygosis for wild second 
chromosomes on viability at different 
temperatures (1941-42) 














Chromosome | Caey® | Ties! | wid: ope 
{164 | 10. | 913 | 23.0 
PA 748 {21 | 10 | 750 13.6 
\253} 10 | 766 9.9 
164; 10 | 1020 26.9 
PA 784 (21 | 10 | 891 21.4 
(254; 10 | 796 20.5 
164 10 1295 | 36.1 
KA 667 {21 10 | 1326 | 33.6 
[253/ 10 | 985 | 21.6 





It can be seen that chromosome PA 748 
is semilethal at 254°, close to the border- 
line of semilethality at 21°, and relatively 
only mildly deleterious at 164%4°. Such a 
modifiability of the effects of wild chro- 
mosomes on homozygotes has been found 
by Dobzhansky and Spassky in many 
chromosomes, while other chromosomes 
give more uniform results at different 
temperatures. Thus, the viability of ho- 
mozygotes for PA 784 is reduced to about 
the same extent at 1644° and 21°, slightly 
more at 2544°. Homozygosis for KA 667 
is clearly deleterious at 25%4°, not ap- 
preciably so at 21°, while at 16%° there 
is possibly even a slight improvement of 
the viability compared to the heterozy- 
gotes. 

The technique used for the fourth chro- 
mosomes is quite analogous to that used 
for the seconds (Dobzhansky, Holz, and 
Spassky, 1942). Wild males, or sons of 
wild females, are crossed to females ho- 
mozygous for the fourth chromosome re- 
cessives, incomplete and hooked. Single 
males from the offspring are outcrossed to 
females which carry in one of their fourth 
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chromosomes incomplete, hooked, a domi- 
nant Curly, and an inversion which sup- 
presses crossing-over. Curly non-incom- 
plete non-hooked flies are selected in the 
progeny and inbred. In the following 
generation, there appear Curly flies, which 
carry the wild fourth chromosome and the 
incomplete-hooked-Curly-inversion chro- 
mosome, and wild type flies which are 
homozygous for the wild fourth chromo- 
some tested. Curly is lethal in homozy- 
gous condition. Provided that the vi- 
ability of the homozygotes and heterozy- 
gotes is equal, the wild and Curly flies ap- 
pear in a ratio approaching 33.3 per cent 
to 66.7 per cent. A recessive lethal in 
the wild fourth chromosome causes all 
the flies in the cultures to be Curly (zero 
per cent wild-type) ; a semilethal reduces 
the incidence of wild-type to between 0 
and 16.7 per cent, and deleterious vi- 


_ability modifiers to between 16.7 and 33.3 


per cent. 

Among the 352 wild fourth chromosome 
tested by Dobzhansky, Holz, and Spassky, 
four chromosomes, namely, AA 955, AA 
1035, AA 1105, and PA 851, were selected 
for the present investigation. The effect 
of homozygosis for these chromosomes on 
the viability, as shown by the tests made 
in 1940-1941, is reported in table 3. 


TABLE 3. Effect of homozygosis for wild fourth 
chromosomes on viability at room 
temperature (1940-41) 














| 
Chromosome | Cried’ | ‘tes | wild-type 
AA 955 4 | 495 12.1 
AA 1035 > | oe | we 
AA 1105 ji ee 
PA 851 5 | 657 | = (19.0 
| 





Two out of four chromosomes gave 
less than 16.7 per cent wild: type. They 
are, consequently, semilethal to homozy- 
gotes at room temperature at which the 
experiments were carried out. Chromo- 
somes AA 1105 and PA 851 reduce the 
viability of homozygotes to an extent short 
of semilethality. 
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TABLE 4. Effects of homozygosis for wild fourth 
chromosomes on viability at different 
temperatures (1941-42) 











Chromosome} t? | Cultures | Tits, | wild-type 
16} 10 3600 31.9 

AA 955 | 21 10 2559 32.8 
254 10 1686 17.6 

16} 10 2621 30.3 

AA 1035 | 21 10 2514 23.2 
254 10 1808 10.2 

164 10 3511 31.3 

AA 1105 | 21 10 2857 23.7 
254 10 3205 23.4 

| 164 10 2253 30.5 

PA 851 | 21 10 1529 19.0 
254 10 1594 26.4 

















The chromosomes have been perpetu- 
ated in balanced stocks, flies of the com- 
position _wild/incomplete-hooked-Curly- 
inversion being intercrossed in each gen- 
eration. In 1941-1942, Dobzhansky and 
Spassky (1944) tested these chromosomes 
again, the tests being made at three dif- 
ferent temperatures. Table 4 summa- 
rizes the results. 

Clearly, every one of the chromosomes 
listed in table 4 produces most viable ho- 
mozygotes at the lowest temperature tried, 
1644°. Otherwise, the properties of these 
chromosomes are different. AA 955 is 
as good at 21° as it is at 164%°, AA 1105 
produces about equally deleterious effects 
at 21° and at 25%°, and PA 851 reaches 
its lowest viability at the intermediate tem- 
perature, 21°. Comparison of tables 3 and 
4 suggests that the properties of the chro- 
mosome AA 955 have somewhat changed 
during the interval between the 1940 and 
1941 tests. 

The experimental technique used to 
test the influence of wild chromosomes on 
the viability of homozygotes can also be 
used to detect recessive modifications of 
the development rate that these chromo- 
somes may produce in the flies. The flies 
which hatch in the cultures are counted 
daily, or on alternate days in some ex- 
periments. Now, if the homozygotes de- 
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velop at the same rate as do the heterozy- 
gotes, then the wild-type: Bare ratios (or 
the wild-type: Curly ratios in the cul- 
tures testing the fourth chromosomes) 
will be, within limits of sampling errors, 
the same in successive counts. Con- 
versely, if a second chromosome contains 
recessive genes that slow down the de- 
velopment of homozygotes, then the pro- 
portion of wild-type among the early 
hatching flies will be relatively lower than 
among the late hatching flies. If a fourth 
chromosome speeds up the hatching of ho- 
mozygotes, the wild-type flies will be rela- 
tively frequent and Curly flies relatively 
rare in the early counts in each culture, 
and the other way around in the late 
counts (Dobzhansky, Holz, and Spassky, 
1942 ; Dobzhansky and Spassky, 1944). 

Among the second chromosomes, used 
in the present investigation, PA 748 and 
KA 667 produce striking delays in the 
development of homozygotes at all tem- 
peratures tried. PA 784 homozygotes are 
slowed down quite appreciably at 164°, 
but only slightly so at 21° and: 25%4°. 
Among the fourth chromosomes, AA 1035 
reduces the development rate rather 
strongly at all temperatures, and PA 851 
and AA 955 do likewise but to a lesser 
extent. On the contrary, AA 1105 pro- 
duces homozygotes that develop slightly 
faster than do the heterozygotes. 

Flies homozygous for some of the chro- 
mosomes differ from normal wild-type 
flies not only in purely physiological 
traits, like viability and development rate, 
but in visible structural characters as well. 
The second chromosome PA 748 gives 
homozygotes with small and sometimes 
crumpled wings and peculiar elongated 
cylindrical abdomens. Homozygotes for 
the fourth chromosome AA 955 show, at 
251%°, very rough and sometimes also de- 
formed eyes and shortened, crooked legs ; 
these abnormalities are less striking at 21° 
and barely noticeable at 164%°. PA 851 
homozygotes have incomplete posterior 
crossveins when raised at 251°, but not 
at lower temperatures. AA 1105 homozy- 
gotes tend to have slightly irregular 
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wings ; at the beginning of the work, this 
fact had probably led to some misclassifi- 
cation of AA 1105 (non-Curly) homozy- 
gotes and Curly heterozygotes. 


GENERAL PLAN OF THE MAIN SERIES OF 
EXPERIMENTS 


In December 1942, four parallel lines 
were started from each of the seven strains 
which carried the chromosomes described 
above. 

In every case, one of the four lines con- 
sisted of flies homozygous for a given 
second or fourth chromosome. Between 
20 and 25 females and a like number of 
males were taken in each generation, 
placed together in culture bottles, and al- 
lowed to produce an unlimited number of 


offspring. The parents deposited so many 


eggs that most cultures were decidedly 
over-populated. Now, homozygotes for 
any one of the seven chromosomes in our 
initial material were less vigorous than 
normal flies in at least some environments. 
Natural selection would, therefore, en- 
courage the spread of any mutations or 
gene combinations that might increase the 
vigor of the flies. It will be shown below 
that the viability of the flies in the ho- 
mozygous lines has indeed become gradu- 
ally improved with time. 

A second group of lines, homozygous 
for the respective second and fourth chro- 
mosomes, was treated exactly like the 
first group, except that the male progeni-. 
tors of every generation were given a 
treatment of 1000 r-units of X-rays. X- 
ray treatments are known to increase the 
frequency of mutation. It was hoped that 
some useful mutations might be so in- 
duced, together, of course, with many 
harmful ones. Nattral selection would, 
then, eliminate the harmful but favor the 
spread of useful mutations. 

The third and the fourth experimental 
lines were maintained in a balanced con- 
dition. Parents heterozygous for a given 
wild chromosome, and for the balancing 
glass-Bare-inversion second chromosome 
(or, respectively, for the incomplete- 
hooked-Curly-inversion fourth chromo- 
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some) were selected in each generation. 
Five virgin females and five males, show- 
ing Bare or Curly, were used as progeni- 
tors in each culture. Their wild-type sibs 
were ignored. Cultures in the balanced 
lines were, therefore, less crowded than 
the cultures of the homozygous lines. 

The only difference between the third 
and the fourth lines was that in the latter 
the male progenitors were given 1000 r- 
units of X-rays in every. generation. Mu- 
tation and natural selection may be ex- 
pected to take different courses in the 
homozygous and in the balanced lines. 
Deleterious recessive mutants may, of 
course, appear in the homozygous as well 
as in the balanced lines. However, they 
would be expected to be eliminated in the 
homozygotes, while in the balanced lines 
the mutations, no matter how deleterious, 
would be “sheltered” from the action of 
natural selection. Deleterious recessives 
may, accordingly, accumulate in the bal- 
anced strains. This expectation, it will be 
shown, was realized in some of the ex- 
periments. 

For 25 consecutive generations, from 
December 1942 to January 1945, all the 
experimental cultures were kept in incu- 
bators at 21° C. From the 26th genera- 
tion, and until the conclusion of the work 
in the 50th generation, or from January 
1945 to December 1946, the cultures were 
kept at a higher temperature, namely 
251°. The change of temperature was 
introduced because the homozygotes for 
most of the experimental chromosomes 
were originally more vigorous at 21° than 
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at 254%°. Only after the process of adap- 
tation had had a chance to operate at the 
lower temperature was the transfer to the 
higher temperature feasible. Even then, 
two of the:chromosomes, PA 784 and AA 
1035, remained troublesome and difficult 
to maintain for several generations. 

The changes in the viability of the ho- 
mozygotes for the experimental chromo- 
somes can be recorded with the aid of 
the same method which was used to de- 
scribe the properties of these chromosomes 
when extracted from the natural popula- 
tion (see above). The chromosomes were, 
accordingly, tested from time to time, 
more frequently at the beginning and less 
so toward the close of the experiments. 
The technique of testing was very simple 
in the balanced lines in which many flies, 
heterozygous for the Bare and Curly bal- 
ancing chromosomes and for the wild 
chromosomes in question, are produced in 
every generation. Fifteen virgin females 
and fifteen males of Bare (or Curly) were 
taken, aged all together for a few days 
in a.vial with food, and then transferred 
ten times to fresh culture bottles at daily 
intervals. ‘The maturing of the flies and 
the oviposition took place at room tem- 
peratures. The bottles with the eggs de- 
posited in them were, however, placed in 
incubators at 21° (F, — F.,) or at 2514° 
(F,, —F;.). The flies that hatched in 
the bottles were counted on alternate days. 
The numbers of wild and Bare (or of 
wild and Curly) flies in the progeny were 
recorded. The resulting data are sum- 
marized in tables 5-11. 


TABLE 5. Effects of the second chromosome PA 748 on viability of homozygotes 









































Homaqzygous, no X-ray Homozygous, X-rayed | Balanced, no X-rays Balanced, X-rayed 
Generation t° fae ne re 
Total Per cent Total | Percent Total | Per cent Total Per cent 
| flies | wild flies | wild flies wild flies wild 

F 21 1528 23.2 1445 | 23.3 2729 | 24.4 1140 22.2 
Fe 21 2040 25.5 2244 | 23.9 1740 | 29.4 1001 | = 19.5 
F io 21 1923 29.6 1560 | 20.6 916 | 24.5 | 1200 | 220 
F. | 21 2473 30.6 1637 | 28.5 1094 | 28.2 | 1227 31.4 
Fx, | 21 1468 27.6 | 1507 | 28.8 1929 | 28.8 561 22.6 
F» | 25$ | 1184 20.8 619 | 176 | 933 | 10.6 358 15.9 
F 3s | 253 631 18.5 361 | 21.1 1004 | 11.7 | 423 18.2 
F 50 253 1422 29.7 1600 34.4 498 18.3 | 420 14.8 


| 
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TABLE 6. Effects of the second chromosome PA 784 on viability of homozygotes 
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Homozygous, no X-rays} Homozygous, X-rayed | Balanced, no X-rays Balanced, X-rayed 
Generation t° 
Total Per cent Total Per cent Total Per cent Total Per cent 
flies wild flies wild flies wild flies wild 
F; 21 2801 36.1 1284 37.0 2798 24.9 1792 22.1 
F, 21 1520 30.3 1374 30.4 — — — — 
Fs 21 1951 38.0 4510 34.4 852 24.7 781 21.4 
Fio 21 2472 40.7 1374 44.0 1669 26.2 1102 27.4 
Fig 21 2245 32.5 2315 29.8 1946 19.0 963 30.3 
Fx 21 793 34.7 — — 139 17.9 1142 23.9 
Fo 21 1404 33.8 718 35.2 — — — — 
Fy 254 397 34.3 313 29.1 435 15.3 185. 10.6 
F6 254 — — —. — 122 19.3 311 22.2 
F 33 254 279 37.3 777 38.2 — — — _— 
Fy 254 896 32.6 770 34.4 1563 18.1 709 3.1 
TABLE 7. Effects of the second chromosome KA 667 on viability of homozygotes 
Homozygous, no X-rays} Homozygous, X-rayed | Balanced, no X-rays Balanced, X-rayed 
Generation ys 
Total Per cent Total Per cent Total Per cent Total Per cent 
flies wild flies wild flies wild flies wild 
F, 21 2749 31.4 1221 31.9 2223 33.1 2048 31.0 
F, 21 2975 33.7 2688 30.7 894 30.3 797 31.5 
Fio 21 2379 31.0 2950 30.4 889 25.5 1470° 32.4 
Fis 21 2122 33.5 1540 32.7 1133 31.0 336 33.0 
Fx 21 — — 1553 28.3 921 10.1 —_ —_ 
Fos 21 2008 32.5 — — — — — — 
Fx 254 860 16.1 1386 26.1 201 0 — — 
Fs 254 nm a on —— 572 7.2 sad = 
F533 254 436 7.8 1042 28.9 — — —_ — 
Fo 254 1107 16.7 1406 38.1 — — — — 
































TABLE 8. Effects of the fourth chromosome AA 955 on viability of homozygotes 








Generation 


t° 


Homozygous, no X-rays 


Homozygous, X-rayed 


Balanced, no X-rays 


Balanced, X-rayed 








Total Per cent Total Per cent Total Per cent Total Per cent 

flies wild flies wild flies wild flies wild 
F, 21 1974 34.9 1548 29.5 3324 32.3 3079 31.6 
F, 21 2767 33.8 2366 33.5 1147 30.5 2268 32.5 
Fio 21 3177 33.5 4129 31.1 647 31.2 1635 35.3 
Fi 21 2130 35.0 2680 31.5 2142 32.3 2076 32.6 
Fx 21 2998 31.0 2398 31.5 1978 28.4 1964 28.4 
F 99 254 1183 21.6 1416 20.3 1207 0.0 846 13.4 
Fe 25} — ~ _ —_ 517 0.0 580 12.1 
Fis 254 2274 24.5 336 11.0 — — — — 
F 50 254 1219 35.1 1616 23.9 — — 1388 0.3 
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TABLE 9. Effects of the fourth chromosome AA 1035 on viability of homozygotes 





























Homozygous, no X-rays} Homozygous, X-rayed | Balanced, no X-rays Balanced, X-rayed 
Generation a 
Total Per cent Total Per cent Total Per cent Total Per cent 
flies wild flies wild flies wild flies wild 
F, 21 3659 23.1 3736 | 25.1 2205 21.3 1967 17.4 
F, 21 2478 28.6 1430 17.2 2379 30.7 1762 9.6 
Fio 21 3492 25.1 2629 26.7 1968 33.2 | 2494 0.2 
Fix 21 2550 27.8 | 2382 24.3 2374 31.4 | 836 0.0 
Fu 21 1915 29.3 1717 29.8 1162 25.6 | — — 
Fx 254 566 15.4 1094 0.0 2713 71 | — — 
F 36 254 — — — — 2413 6.8 — — 
F 35 253 1591 17.2 1837 1.3 — — — — 
F 50 254 2785 27.2 1916 17.7 — — | — — 

















TABLE 10. Effects of the fourth chromosome AA 1105 on viability of homozygotes 

































































Homozygous, no —— Homozygous, X-rayed Balanced, no X-rays Balanced, X-rayed 
Generation - 
Total Per cent Total | Percent Total Per cent Total Per cent 
flies wild flies | wild flies wild flies wild 
F,; | 21 2717 28.7 2851 | 22.5 3095 32.1 2275 25.6 
F, 21 2594 30.3 3787 | «(31.3 2305 30.2 1926 30.1 
Fig 21 2567 32.6 1892 | 28.8 994 33.4 3993 25.1 
Fis 21 2285 31.6 2512 | 32.6 2197 34.0 | 1315 1.1 
Fu 21 2915 30.8 2635 | 28.2 2829 34.4 | — —_ 
F x 254 1196 27.3. | 2072 | 27.4 1397 26.1 | — _ 
Fie 253 — | — | — | — 2039 135 | — 
Fs 253 | 2065 27.8 1826 | 25.4 mt ee mn 
Fs 254 | 2991 29.6 | 1509 | 30.4 | 1952 27.0 — — 
TABLE 11. Effects of the fourth chromosome PA 851 on viability of homozygotes 
| Homozygous, no X-rays! Homozygous, X-rayed | Balanced, no X-rays | Balanced, X-rayed 
Generation x 
| Total Per cent | Total | Percent | Total Percent | Total Per cent 
| flies wild | flies wild | flies | wild flies wild 
F: 21 | 3159 25.2 | 2869 | 27.1 | 1597 | 31.6 2507 25.7 
Fs | 21 | 2361 28.6 | 3012 |} 29.7 | 1535 | 28.5 1608 32.9 
F io | 21 1630 29.1 | 2654 | 31.2 | 2335 33.0 1293 27.7 
F. | 21 | 2477 | 311 | 1389 | 306 | 3000 | 315 | 1814 | 288 
Fn | 21 2024 30.8 2086 29.1 | 3293 25.3 1057 26.4 
Fx 253 1119 18.9 1277 30.9 2199 22.4 420 19.1 
ed Ge el ed eo os Bion 2483 | 22.8 | 807 | 17.6 
Fss | 254 1307 13.4 1517 | 246 | — _— ‘| — — 
F 59 | 254 1481 22.9 1457 | 26.4 | 2997 29.6 | 1429 20.2 














The detection of the viability changes in 
the homozygous lines is technically only 
slightly more complex than the procedure 
in the balanced lines. Four or five wild- 
type males, homozygous for a given sec- 
ond or fourth chromosome, are taken 
from a homozygous line and crossed to 


females which carry the glass-Bare-in- 
version, or the incomplete-hooked-Curly- 
inversion, chromosomes. About 15 pairs 
of Bare, or Curly, flies are taken in the 
next generation, and treated exactly as 
stated above for the experiments with 
balanced lines. 
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Only the total numbers of flies and the 
percentages of wild-type among them are 
reported in tables 5-11. 


A. CHANGES IN Homozycous UNTREATED 
STRAINS 


PA 748 


When tested in December 1941, the second 
chromosome PA 748 produced 13.6 per cent 
wild-type at 21°, and only 9.9 per cent at 2514° 
(table 2). This chromosome was, consequently, 
semilethal at these temperatures. The figures 
13.6 per cent and 9.9 per cent are the initial, or 
control, values for the chromosome PA 748. 
A line homozygous for this chromosome was 
started in December 1942. A test of the vi- 
ability was made after two generations of ho- 
mozygosis, that is, in the F: of the main ex- 
periment.t This test, carried at 21° in March 
1943, gave 23.2 per cent wild-type (table 5), or 
a vali higher than the control obtained in 
December 1941. It is possible that an improve- 
ment of the viability took place in the PA 748 
stock between December 1941 and March 1943. 

Four generations later, in the Fs, tested in 
July 1943, 25.5 per cent of wild-type homozy- 
gotes were obtained. This is statistically not 
significantly higher than the F. value, 23.2 per 
cent (table 5). However, in the tenth genera- 
tion the percentage of wild type rose to 29.6, and 
in the fourteenth to 30.6. In the twenty-fourth 
generation a slightly lower value, 27.6 per cent 
was obtained. These figures are consistently 
and significantly higher than the control, 13.6 
per cent. The viability of PA 748 homozygotes 
had clearly improved. 

The strain was transferred to a higher tem- 
perature, 25%4°, in January 1945, when the ex- 
periment was in the twenty-fifth generation. 
The viability test, made in the thirtieth genera- 
tion in May 1945, gave 20.8 per cent wild type 
(table 5). This is significantly lower than the 
previous records taken at 21°, but significantly 
higher than the control value for the higher 
temperature, 9.9 per cent (table 2). It fol- 
lows, then, that the improvement of the viability 
which occurred during the time when the ho- 
mozygous line was kept at 21° was reflected 
also in the viability of the homozygotes at 25146°. 
No further improvement appeared between the 
thirtieth and the thirty-eighth generations (table 
5). However, in the fiftieth generation the 
percentage of wild-type rose to 29.7, which is 


! The experimental generations are denoted by 
the symbol Fx, although strictly speaking we are 
dealing here not with crosses but with strains 
maintained in homozygous or in balanced heter- 
ozygous condition. 
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barely significantly lower than the ideal fre- 
quency, 33.3 per cent, which is expected if ho- 
mozygotes and heterozygotes are equally viable. 

As stated above (p. 195), PA 748 homo- 
zygotes differed from normal flies in having 
elongated, cylindrical abdomens, small and 
crumpled wings, and sometimes shortened, 
crooked legs. The wings and legs were normal 
in Fy, but the characteristic shape of the ab- 
domen was retained. Even more spectacular 
than the improvement of the viability and the 
disappearance of wing and leg abnormalities 
was the change in the rate of development. The 
percentages of wild-type flies in the successive 
counts in the cultures kept at 2544° in December 
1941 (control) and in December 1946 (F.5) are 


as follows: 


























Control F 50 

Total Per cent Total Per cent 

flies wild flies wild 
Ist count 233 0.4 334 24.3 
2nd count 319 | 4.4 598 30.8 
3rd count 148 15.5 333 31.5 
4th count 47 61.7 118 33.1 
5th count o@ | Gs | 31 22.6 
6th count — | — =| 6 100.0 





The homozygous control flies developed much 
slower than their heterozygous sibs in the con- 
trol cultures, as shown by the striking rise of 
percentages of wild-type in the later counts. 
No statistically significant differences in hatch- 
ing rates are disclosed by the Fs data. The 
acquisition of normal development rate by the 
homozygotes began gradually. In Fss the ho- 
mozygotes were still significantly slower than 
the heterozygotes, although not as much ‘as 
they were in the control experiments. The 
equalization of the development rates of homo- 
and heterozygotes occurred at some time between 
Fs and Fo. ; 


KA 667 


The course of events was different in the ex- 
periments with second chromosome KA 667 
(table 7). The control values, obtained at 21° 
and 25%4°, were 33.6 per cent and 21.6 per cent 
respectively (table 2). The figure at 21° is 
very close to the ideal ratio, 33.3 per cent; in 
other words, homozygotes and heterozygotes 
for KA 667 were equally viable at 21°. The 
homozygotes were appreciably less viable at 
25%°. It is not surprising, then, that the vi- 
ability records in the homozygous line gave val- 
ues close to the ideal ratio between the second 
and the twenty-fifth generation; these tests hav- 
ing all been made at 21°. Following the trans- 
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fer at 2514°, some low values were obtained: 16.1 
per cent in Fy, 7.8 per cent in Fss, and 16.7 per 
cent in Fs (table 7). These values are even 
lower than the control value at the corresponding 
temperature. It may be concluded that the 
line homozygous for KA 667 showed no sign 
of improvement of the viability. Neither has 
this line changed in any other of its salient 
characteristics. In the control experiment, 
the homozygotes were found to develop much 
more slowly than the heterozygotes. This slow 
development has characterized this chromosome 
throughout the experiments. The only appar- 
ent change was that in fertility; the homozy- 
gotes were rather infertile until about the tenth 
generation, but later on no difficulty with insuffi- 
cient fertility was encountered. 


AA 955 


The control values for the fourth chromo- 
some AA 955 are 32.8 per cent at 21° and 17.6 
per cent at 251%4° (table 4). The homozygotes 
for this chromosome were, thus, normally viable 
at 21°, and almost semilethal at 2544°. The ho- 
mozygous line showed normal viabilities in the 
tests conducted at 21°, that is, up to the twenty- 
fourth generation (table 8). At the higher 
temperature, 21.6 per cent wild-type appeared 
in the thirtieth generation, a figure slightly 
higher than the control value. A striking im- 
provement of the viability ensued later, the 
fiftieth generation giving 35.1 per cent wild- 
type. Statistically, this figure is not signifi- 
cantly different from the ideal value, 33.3 per 
cent. The homozygotes for AA 955 had be- 
come normally viable at high temperature. 

In the control experiments, flies homozygous 
for AA 955 developed appreciably more slowly 
than the heterozygotes. The homozygotes were 
also very abnormal in appearance in the cul- 
tures raised at 2514°: they had rough eyes and 
deformed legs (cf. page 195). In the homo- 
zygous line, the slow development was quite 
apparent in the second generation, not in the 
sixth, slightly so in the tenth and the fourteenth, 
and not at all in the later generations. The 
structural abnormalities had become weaker too. 
A note made in the thirtieth generation indi- 
cated that the homozygous flies were normal in 
appearance. In the fiftieth generation, the legs 
were normal, but a roughening of the eyes was 
observed in the flies raised at high temperature. 
As a result of 50 generations of natural selec- 
tion in a homozygous line, AA 955 homo- 
zygotes had become like normal flies in vi- 
ability, in development rate, and in the leg 
structure. 


AA 1035 


The control experiments showed that ho- 
mozygotes for the fourth chromosomes AA 1035 
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were distinctly subnormal in viability at 21° and 
semilethal at 2544° (table 4). Their develop- 
ment rate was strikingly slower than normal. 
The homozygous line showed a significant im- 
provement of the viability during the period 
when it was kept at 21° (table 9). In the sec- 
ond generation only 23.1 per cent wild-type 
appeared, which agrees very well with the con- 
trol value, 23.2 per cent. In the twenty-fourth 
generation the percentage of wild-type was 
29.3, which indicates a viability only slightly 
below normal. The transfer to the higher tem- 
perature, 2544°, showed that the homozygotes 
still remained sensitive to heat. However, in 
the thirtieth generation, 15.4 per cent wild- 
type was produced, which is probably higher 
than the control value, 10.2 per cent. Another 
upsurge of viability ensued later, with the 
fiftieth generation giving 27.2 per cent wild-type 
at 251%4°. A chromosome that was well in the 
semilethal range at the start of the experiments 
became only slightly subnormal in viability 
after fifty generations of breeding. Neverthe- 
less, no appreciable change took place in the 
development rate. The homozygotes in the 
fiftieth generation developed distinctly less 
rapidly than the heterozygotes. 


AA 1105 


The fourth chromosome AA 1105 is the only 
one among those used in the present investi- 
gation which makes the homozygotes develop 
slightly faster than the heterozygotes. As to 
the viability, the control values were between 23 
and 24 per cent at both 21° and 2514° (table 4). 
The homozygous line had shown a viability only 
slightly below normal already in the F: genera- 
tion, with no appreciable change occurring 
thereafter until the end of the experiments 
(table 10). There was no change in the de- 
velopment rate, either. In the fiftieth genera- 
tion, 34.3 per cent wild-type appeared in first 
count, 27.0 in second, and 24.2 per cent in third 
and fourth counts. The differences between 
these values are on the borderline of statistical 
significance (the x? has the probability of 
chance occurrence at about 0.05). The mor- 
phological peculiarity of the AA 1105 homozy- 
gotes, namely the occasional irregularity of 
the wings, had perhaps become weaker toward 
the end of the experiments, but this is not 
certain. 


PA 851 


The fourth chromosome PA 851 showed con- 
trol values of 19.0 per cent at 21° and 26.4 
per cent at 251%4° (table 4). It is probable that 
the value for 21° is accidentally too low. At 
any rate, the first tests performed in the second 
generation of the two homozygous and of the 
two balanced lines gave values higher than 25 























































per cent (table 11). The initial viability of 
the homozygotes for PA 851 was either about 
equal at 21° and 25%”, or else the viability at 
21° had improved during the interval between 
the control experiment | (January-February 
1941) and the beginning of the main series of 
experiments (December 1942). The former 
view seems more probable. At any rate, the fre- 
quencies of wild-type obtained in the homozy- 
gous line rose from 25.2 per cent in the sec- 
ond to about 31 per cent in the fourteenth and 
the twenty-fourth generations (table 11). 
Transfer to the higher temperature revealed 
that the homozygotes were still poorly viable in 
the thirtieth and the thirty-eighth generations, 
in fact more so than suggested by the control 
value. This is rather strange, because one 
might have expected that the improvement of 
the viability at 21° would have been reflected 
equally in an improvement at 2544°. No change 
took place in the development rate of the PA 
851 homozygotes, which was slower than normal 
throughout the period of the experiments. 


PA 784 


The behavior of the second chromosome PA 
784 was most striking and peculiar. The control 
experiments in November-December 1941 
showed that the homozygotes for this chromo- 
some were less viable than the heterozygotes at 
all temperatures (about 27 per cent wild-type 
at 161%4°, 21 per cent at 21° and at 2514°, see 
table 2). The homozygous lines were started 
in December 1942, and the first viability test 
was performed in the F: generation, in Febru- 
ary-March 1943. This test gave very high val- 
ues of 36 and 37 per cent wild-type (table 6). 
Values above 33.3 per cent suggest, of course, 
that the viability of homozygotes is relatively 
higher than that of the heterozygotes. This 
result seemed so strange that it was ascribed to 
a mistake. Another test was accordingly ar- 
ranged in F, generation, and it gave 30 per cent 
wild-type. This is insignificantly below the ideal 
value of 33.3 per cent, but still very significantly 
above the control value of 21 per cent. The 
tests in the sixth and tenth generations gave, 
however, very high values again. In the four- 
teenth, twenty-fourth, and twenty-fifth genera- 
tions the homozygotes and the heterozygotes ap- 
peared to be equally viable. The transfer to 
the higher temperature, 251%4°, resulted in no 
drop of the relative viability of homozygotes, 
and in the thirty-eighth generation a high value, 
37.3 per cent wild-type, was again obtained. The 
conclusion seems inescapable that a change 
took place in the PA 784 strain at about the 
time the homozygous lines were established. 
This change made the homozygotes equal or 
even superior to the heterozygotes in viability. 
This change became fixed in the homozygous 
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lines, but, as might be expected, not in the bal- 
anced ones (table 6). 

One might think that a homozygote, which 
has such a superior viability as PA 784 showed 
in our experiments, should be also highly fer- 
tile and easy to maintain. This is not neces- 
sarily so. When the homozygous strain was 
transferred from 21° to 2514° (in the twenty- 
fifth generation), it suddenly became almost 
sterile and was salvaged only with difficulty. 
As a precaution, parallel strains were kept for 
several generations at 21° and 25%4°. The 
numbers of flies produced per culture were 
quite low. The maximal number obtained in 
any culture in the thirtieth generation was 80, 
in the thirty-eighth generation 67, and in the 
fiftieth generation 125 (ten cultures were raised 
in each case). The difficulty of keeping the 
homozygous strain at 254° was never eliminated 
completely, although it had diminished toward 
the end of the experiments. 


Summary 


Viability tends to improve with time in 
strains homozygous for certain second or 
fourth chromosomes. Such improvements 
have been observed in five out of the seven 
homozygous strains kept in mass cultures 
for fifty generations. In two strains, there 
was either no change or slight deteriora- 
tions of the viability. Improvements may 
arise at any time. In two of our lines, 
some improvement appeared even before 
the homozygous lines were freed of heter- 
ozygotes. In one line, the improvement 
seems to have started only after many 
homozygous generations had passed. 
When the initial homozygous strains dis- 
play slow development rates, acceleration 
of the development may gradually develop. 
In our experiments, this has taken place 
in three out of the six strains which were 
slow to start with. When a homozygous 
strain shows externally visible deviations 
from the normal body structure, these de- 
viations may or may not become less pro- 
nounced or even disappear with time. 


B. Homozycous STRAINS TREATED WITH 
X-RAYS 


The seven homozygous strains now to 
be described were handled exactly like the 
ones dealt with above, except for the 1000 
r-units of X-rays administered to the male 
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progenitors of every generation. A very 
heavy aggregate dose of X-rays, 50,000 
r-units, was consequently given to each 
strain during the course of the experi- 
ments. The lines treated and not treated 
with X-rays descended originally from 
sibs ; however, they were kept completely 
separated while the experiments were in 
progress. 


PA 748 


It has been shown above that the untreated 
line homozygous for the second chromosome 
PA 748 had gradually but steadily improved 
its viability record during the twenty-five gen- 
erations during which it was kept at 21°, and 
that a further improvement had taken place 
during the twenty-five generations spent at 
2514° (table 5). The data for the treated line 
are shown in the same table. Roughly speaking, 
the behavior of both lines was the same. A 
close scrutiny of the data discloses, however, 
some differences. No improvement was notice- 
able in the treated line for at least ten gene- 
rations; tests in the second, sixth, and tenth 
generations gave essentially the same propor- 
tions of wild-type: 23.3, 23.9, and 20.6 per cent. 
An appreciable improvement took place between 
the tenth and the fourteenth generations, and ap- 
parently no further improvement up to the 
twenty-fourth generation. The transfer to the 
higher temperature in the twenty-fifth genera- 
tion showed that the line remained heat sen- 
sitive; in the thirtieth generation only 17.6 per 
cent wild-type appeared, indicating a near semi- 
lethality. However, 34.4 per cent wild-type ob- 
served in the fiftieth generation showed that 
this line fully reached normal viability. The 
untreated line gave in the same generation 
29.7 per cent wild-type, the difference, 4.7 + 1.7 
per cent, being probably significant. In any 
event, there is no doubt that natural selection 
had brought about a striking rise in vitality in 
both homozygous strains. 

The homozygous untreated strain not only ac- 
quired normal or nearly normal viability but 
the development rate of the homozygotes also 
became equal to that of the heterozygotes; the 
development rate of homozygotes in the initial 
material was very markedly slow (see p. 199). 
The X-ray treated lines evolved in the same 
direction but less rapidly. No obvious change 
in the development rate of homozygotes was 
noticeable as late as the thirty-eighth generation 
in the treated line. In the fiftieth generation, 
the homozygotes hatched clearly later than the 
heterozygotes but the difference was much less 
striking than it was previously . The abnormali- 
ties in the shape of the abdomen and in the legs 
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and wings which were present in the initial strain 
PA 748 have disappeared in the X-ray treated 
homozygous line even more completely than in 
the untreated one. Unfortunately, no notes were 
made of the time at which these changes were 
taking place. 


KA 667 


More spectacular are the changes: in the 
treated line homozygous for KA 667. It may be 
recalled that at the start KA 667 homozygotes 
had a normal viability at 21°. No apparent 
change in the viability has, accordingly, taken 
place in the twenty-five generations during 
which both the untreated and the treated lines 
were kept at 21° (table 7). After the transfer 
to the warmer temperature, the untreated line 
remained heat sensitive, and the homozygotes 
were still close to semilethality in the fiftieth 
generation. In contrast to that, the treated line 
gave 26.1 per cent wild-type already in the 
thirtieth generation. Progressive improvement 
continued with a record of 28.9 per cent in the 
thirty-eighth and 38.1 per cent in the fiftieth 
generations. The latter figure indicates, of 
course, that the homozygotes are more viable 
than the heterozygotes, because if they were 
equal in viability the frequency of wild-type 
would be close to 33.3 per cent. The difference 
is statistically significant. It may also be noted 
that figures above 33.3 per cent were obtained 
in the fiftieth generation in 7 out of 10 test cul- 
tures. Natural selection has, consequently, im- 
proved the viability of X-ray treated KA 667 
homozygotes from almost semilethality at the 
beginning to above normal in the fiftieth gen- 
eration. This fact is made even more striking 
by the failure of selection to produce any im- 
provement in the parallel untreated line. 

Not only the viability but also the development 
rate of homozygotes became altered by selec- 
tion in the treated, but not in the untreated, 
line. The control experiment, in December 1941, 
showed that KA 667 homozygotes developed 
much more slowly than the corresponding heter- 
ozygotes. This slow development was retained 
in the untreated line up to the end of the ex- 
periment, and in the treated line until at least 
the fourteenth generation which was tested in 
April 1944. In the twenty-fourth generation, in 
January 1945, the disparity between the develop- 
ment rates of the homo- and _ heterozygotes 
showed first signs of diminution. In the thir- 
tieth and the thirty-eighth generations (June 
1945 and January 1946 respectively) the homo- 
and heterozygotes developed almost equally fast, 
while in the fiftieth generation the homozygotes 
seemed to have overtaken their heterozygous 
sibs in development rate. The percentages of 
wild-type in successive counts in different gen- 
erations can be summarized as follows: 
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Control Fu F3s Fso 
Total Per cent Total Per cent Total Per cent Total Per cent 
flies wild-type flies wild-type flies wild-type flies wild-type 
Ist count 85 0.0 524 9.9 258 17.1 467 44.3 
2nd count 261 0.7 391 39.1 427 19.7 465 35.3 
3rd count}, 185 5.9 360 34.7 289 18.7 229 38.4 
4th count 174 24.1 98 60.2 52 13.5 213 28.5 
5th count! . 91 §2.7 92 25.0 — — 32 28.1 
6th count 62 66.1 69 56.5 a a — — 
7th count 64 46.9 — — — — — 
8th count 32 56.3 — — —_ — — 
9th count 16 75.0 = = — — 
10th count 15 60.0 = — — — — 
AA 955 generations at 21°; the F2 test gave 25.1 per cent 


While the changes produced by natural selec- 
tion were much greater in the treated than in the 
untreated line homozygous for KA 667, the op- 
posite relationships held in the AA 955 lines 
(table 8). It may be recalled that the AA 955 
homozygotes were initially normally viable at 
21° and close to semilethality at 254°. No ap- 
parent change took place in either treated or 
untreated line up to the twenty-fifth generation, 
when both lines were moved from 21° to 254°. 
In the thirtieth generation both lines showed 
almost equal heat sensitivities, as attested by 
the records of 21.6 and 20.3 per cent wild-type 
respectively. From then on, the untreated line 
progressed until normal viability-was reached 
(35.1 per cent wild-type) in the fiftieth genera- 
tion. On the contrary, the treated line suf- 
fered a slump and became semilethal (11.0 per 
cent wild-type) in the thirty-eighth generation. 
At the same time, it developed a semisterility 
and became difficult to propagate, as shown 
by the fact that only 336 flies were produced 
in ten cultures in the thirty-eighth generation 
(table 8). It recovered again by the fiftieth 
generation, but normal viability was never at- 
tained. 

The lack of progress in the viability of the 
treated AA 955 homozygotes did not, however, 
preclude changes in other peculiarities of this 
line. Like in their untreated counterpart, the 
development rate of the treated homozygotes 
became less strikingly slow very early in the 
experiments. From the sixth generation on, 
there was little difference between the hatch- 
ing rates of the homo- and heterozygotes, and 
none at all was discovered in the fiftieth genera- 
tion. 

AA 1035 


The fourth chromosome AA 1035 has, like 
AA 955, shown less betterment in the X-ray 
treated line than in the untreated one (table 9). 
Some slight improvement of the viability of 
homozygotes did occur during the twenty-five 


wild-type, while in the twenty-fourth generation 
29.8 per cent wild-type appeared. The transfer 
to 254° resulted in a very strange performance. 
Although the homozygous line proved to be, 
at first, rather difficult to maintain at 254°, it 
still remaind viable and eventually gained in 
vigor. Yet, the viability test made in the thir- 
tieth generation, i.e., five generations after the 
transfer to the warm incubator, gave zero per 
cent wild-type, thus indicating that AA 1035 
homozygotes were completely lethal. Only 1.3 
per cent wild-type appeared in the test made 
as late as in the thirty-eighth generation; the 
chromosome was, hence, very nearly lethal 
when homozygous. In other words, the homozy- 
gotes were obviously not lethal in the strain 
from which flies were taken for the viability 
tests but they failed to survive in the test cul- 
tures themselves. The most likely solution of 
this puzzle seems to be as follows. The line 
homozygous for AA 1035 was viable enough 
to be maintained at 25%%° because a complex 
of modifying genes which made the strain viable 
had been selected in chromosomes other than the 
fourth. In order, however, to test the viability 
quantitatively, wild-type flies from the homo- 
zygous line are outcrossed to an untreated line 
which carries the marking gene Curly and cer- 
tain other markers (see above). This strain 
evidently contains modifiers which make AA 
1035 homozygotes lethal or nearly so. That 
the viability of flies homozygous for a certain 
chromosome may vary depending upon modify- 
ing genes in other chromosomes, has been dem- 
onstrated in experiments directed especially 
toward this end by Dobzhansky and Spassky 
(1944). 

By the time the fiftieth generation of the 
treated line was reached, the viability of AA 
1035 homozygotes at 251%4° had improved some- 
what, as shown by the record 17.7 per cent 
wild-type (table 9). It remained, however, far 
below the standard viability, ie. below that 
of the heterozygotes. No appreciable change 
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was observed in the development rate in this 
line; the homozygotes were slower than the 
heterozygotes throughout the experiments. 


AA 1105 


The X-ray treated line homozygous for the 
fourth chromosome AA 1105 has shown a 
fluctuating record, the net result being, never- 
theless, some improvement of the viability (table 
10). The proportion of wild-type in the sec- 
ond generation was 22.5 per cent, and in the 
twenty-fourth generation 28.2 per cent; this 
difference is statistically significant. The first 
test after the transfer at 2514°, in the thirtieth 
generation, gave 27.4 per cent wild-type; in 
the fiftieth generation 30.4 per cent wild-type ap- 
peared. This difference is not significant, but, 
if taken at its face value, indicates a slight 
improvement. The control value for 2514° is, 
however, 23.4 per cent (table 4). The difference 
between this and 30.4 per cent is significant. 
The other peculiarity of the line AA _ 1105, 
namely that the homozygotes developed some- 
what faster than heterozygotes, was preserved 
intact from the beginning to the end of the ex- 
periments. In the fiftieth generation, 38.5 per 
cent wild-type appeared in the first count, 30.6 
in the second, 29.2 in the third, 20.0 in the fourth 
and 20.8 per cent in the fifth count. The statis- 
tical probability of this heterogeneity being due 
to chance is véry small. 


AA 851 


The fourth chromosome PA 851 seemed to 
show no obvious improvement in viability while 
the X-ray treated line was kept at 21°, ie., up 
to the twenty-fifth generation (table 11). That 
some improvement was, nevertheless, taking 
place, is suggested by a comparison of the 
untreated and the treated lines after they were 
transferred to 25%°. At that temperature, the 
homozygotes from the untreated line proved to 
be almost semilethal (see the records 18.9 per 
cent and 13.4 per cent wild-type in the thir- 
tieth and thirty-eighth generations). The final 
record, in the fiftieth generation, is 26.4 per cent 
(table 11). 

PA 851 homozygotes originally developed 
more slowly than the heterozygotes. This slow 
development has persisted without major modi- 
fication in the homozygous untreated line, but 
in the treated one the development rates of the 
homo- and heterozygotes have become equalized. 
The change became quite noticeable in the tenth 
generation; the homozygotes were obviously 
slow in the second and the sixth, but only 
slightly so in the tenth generation. In the fif- 
tieth generation, the first count gave 26.2 per 
cent wild-type, the second 30.0 per cent, the 
third 26.6 per cent, the fourth 19.6 per cent, the 
fifth 20.5 per cent, and the sixth 16.1 per cent. 
Statistical test shows these figures to be rather 


204 TH. DOBZHANSKY 














































AND B. SPASSKY 


heterogeneous (probability of this heterogeneity 
being due to chance is approximately 0.02). If 
real, this heterogeneity indicates, however, that 
the homozygotes were somewhat faster, rather 
than slower, than the heterozygotes. 


PA 784 


The behaviors of the treated and untreated 
lines homozygous for the second chromosome 
PA 784 are so much parallel (table 6) that the 
description of the untreated one will suffice to 
characterize both (see page 201). 


Summary 


The behavior of the homozygous lines 
treated with X-rays is qualitatively sim- 
ilar to that of the untreated ones. In both 
series of experiments the most frequently 
met with phenomena are improvement of 
the viability of homozygotes and speeding 
up of their development rate. Whether 
the beneficial results of natural selection 
are more pronounced in the treated or in 
the untreated lines is not clear. Among 
the seven treated lines studied, three 
showed striking betterments of the viabil- 
ity, two lines showed improvements of a 
less far reaching sort, one line was un- 
changed, and one suffered a deterioration. 
Among the seven untreated. lines, five 
gained more or less substantial improve- 
ments, and two lines were unchanged. 
In four treated lines, the development 
rates of homozygotes was accelerated, as 
compared with two clear-cut cases of this 
sort among the untreated lines. It may 
be noted that the fates of the treated and 
untreated lines are not necessarily the 
same. Thus, the untreated PA 667 line 
changed little in fifty generations, while 
the treated counterpart acquired a better 
viability as well as a faster development 
rate. On the contrary, the untreated AA 
1035 line improved in viability, while the 
treated branch suffered a further loss of 
vigor. As one could perhaps expect on 
theoretical grounds, chance seems to play 
a considerable role in the selective proces- 
ses that occur in our experiments, without, 
however, obscuring the unmistakable ten- 
dency toward improvement of the vi- 
ability and acceleration of the develop- 
ment rate in the homozygous lines. 
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C. THe BALANCED STRAINS 


Thus far we have discussed the experi- 
ments with the seven untreated and the 
seven treated homozygous strains. Par- 
allel to the homozygous strains, we car- 
ried experiments with the same initial 
seven chromosomes in balanced condition. 
Each balanced strain was carried in dupli- 
cate, one branch being untreated, and the 
other receiving 1000 r-units of X-rays in 
each generation. The experiment was, 
hence, started with 14 homozygous and 
14 balanced strains. The behavior of 
the treated and untreated branches of the 
balanced strains is rather analogous, mak- 
ing it possible to consider them together. 
The basic data are summarized in tables 
5-11. 

PA 748 


The control values for the second chromosome 
PA 748 are 13.6 per cent wild-type at 21° and 
9.9 per cent at 251%4° (table 2). In the second 
generation of the main experiment (table 5), 
the two homozygous and the two balanced lines 
gave records from 22.2 per cent to 24.4 per 
cent wild-type. This clearly shows that the 
viability of the PA 748 strain became improved 
during the time elapsed between the control 
tests (December 1941) and the beginning of 
the main experiment a year later. This could 
have happened rather easily because, although 
during this year the chromosome was kept in 
cultures crossed to the glass-Bare-inversion bal- 
ancing chromosome, no attention was paid to 
selecting exclusively virgin Bare heterozygotes 
as parents of the succeeding generations. Flies 
homozygous for the ‘PA 748 chromosome ex- 
isted in the cultures, and doubtless served fre- 
quently as parents of the succeeding generations. 
This provided an opportunity for natural selec- 
tion to improve the viability of the homozygotes. 
(A similar but even more striking improvement 
took place in the second chromosome PA 784.) 
It is not unfair, therefore, to take a figure 
about 23 per cent wild-type as the initial one 
for the balanced strains of PA 748 chromosome. 

During the twenty-five generations carried 
at 21° C. no definite trend of change was notice- 
able in the balanced strains of PA 748 (table 
5). Figures as high as 31.4 per cent, and as 
low as 19.5 per cent, wild-type were obtained in 
the various tests. The cultures were trans- 
ferred to 2514° in the twenty-fifth, and tested 
for the viability in the thirtieth generation. 
The viability records slumped to 10.6 per cent 
wild-type in the untreated, and to 15.9 per cent 
in the treated balanced line. These figures are 
nevertheless as high as, or higher than, the 


205 


old control value, 9.9 per cent. But they are 
lower than the records of the homozygous lines, 
20.8 per cent and 17.6 per cent wild-type, in 
the same generation. The viability of the homo- 
zygous lines became, consequently, improved 
since the start of the experiments, while that of 
the balanced lines showed no net change. No 
clear-cut change in the viability of the balanced 
lines took place till the conclusion of the ex- 
periments in the ‘fiftieth generation, contrasting 
with the improvement in the homozygous lines. 

In the control experiment, PA 748 homozy- 
gotes developed much more slowly than the 
heterozygotes (see page 195). The develop- 
ment rate of the homozygotes became decidedly 
accelerated in the homozygous lines, finally 
equalling the heterozygotes in the untreated 
branch (see page 199). Nothing comparable 
occurred in the balanced lines, although in the 
thirty-eighth and the fiftieth generations the 
disparity between the homo- and heterozygotes 
was perhaps less striking than in the control. 
No important change took place in the pheno- 
type of the homozygotes either. We may con- 
clude that, in contrast to the homozygous lines, 
the balanced lines of the chromosome PA 748 
underwent no appreciable change. 


PA 784 


Like in PA 748, the homozygous strains of the 
second chromosome PA 784 gained a good vi- 
ability very early and preserved it until the end 
of the experiments (table 6 and page 201). 
The course of events was different in the bal- 
anced lines. In the second generation, 24.9 
per cent wild-type appeared in the untreated 
and 22.1 per cent in the treated line respectively. 
These figures indicate a fairly substantial re- 
duction of the viability, not approaching, how- 
ever, the range of semilethality. The untreated 
line remained at this level up to at least the 
tenth generation. A slight but significant slump 
occurred in the fourteenth generation. No fur- 
ther change occurred until the end of the ex- 
periments; not even the transfer to the tem- 
perature of 25%4° caused a fluctuation. Con- 
trasting with this relative stability, the X-rays 
treated line fluctuated widely. The viability 
seemed to be improved in the tenth and the 
fourteenth generations (27.4 per cent and 30.3 
per cent wild-type, table 6), but reverted back 
to the original level in the twenty-fourth gen- 
eration. The transfer to 251° caused a fall, the 
chromosome now acting as a recessive semilethal 
(10.6 per cent wild-type in the thirtieth gener- 
ation). An apparent partial recovery in the 
thirty-eighth generation was followed by a final 
slump, which made the chromosome act as an 
extreme semilethal in the fiftieth generation 
(3.1 per cent wild-type). Control experiments 
showed that the development rate of PA 784 
homozygotes was slightly slower than that of 
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the corresponding heterozygotes at 21° and 
251%4°. No change in the development rate has 
been observed in either the untreated, or the 
treated homozygous, or balanced lines. 


KA 667 


The different fates suffered by homozygous 
strains on one hand, and the balanced strains on 
the other, can be seen quite clearly in the case 
of the chromosome KA 667 (table 7). It may 
be recalled, that the homozygous untreated 
strain of this chromosome underwent no change 
during the experiments, while the homozygous 
treated line showed a spectacular rise in vigor 
which brought it up to at least the normal vi- 
ability level. In contrast to this, the balanced 
strains of this Chromosome degenerated until 
they became completely lethal to homozygotes. 

In the control, and in the second generation 
of the main experiments, chromosome KA 667 
showed a normal or nearly normal viability at 
21° (31 to 33.6 per cent wild-type, tables 2 and 
7). The balanced lines retained this normal 
viability up to at least the fourteenth generation 
(table 7). But in the nineteenth generation of 
the balanced treated line it was noticed that the 
chromosome acted as a complete lethal, and the 
strain was discarded in November 1944. The 
balanced untreated line survived considerably 
longer. However, at some time around the 
twentieth generation, this line became exceed- 
ingly difficult to maintain, as though it de- 
veloped a deleterious genetic change affecting 
the Bare as well as the wild-type flies. In the 
thirtieth generation a viability test was made 
with much difficulty, since only 201 flies were 
produced in 10 cultures. None of these flies 
were wild-type in phenotype, indicating that the 
second chromosome in this line was now semi- 
lethal in heterozygous and completely lethal in 
homozygous condition. The line continued to 
be troublesome to maintain. In the thirty-sixth 
generation, another viability test was arranged, 
which gave 7.2 per cent wild-type. Very shortly 
after this, the line was lost because of the low 
viability. 

One of the outstanding characteristics of the 
chromosome KA 667 is that flies homozygous 
for it develop much more slowly than the hetero- 
zygotes (see page 202). This peculiarity had 
become gradually weaker and finally was lost in 
the homozygous treated line. In the balanced 
lines the slow development was easily noticeable 
so long as any homozygotes remained viable. 


AA 955 


The effects of the fourth chromosome AA 
955 strikingly improve the viability in the ho- 
mozygous untreated line, and appreciably so 
in the homozygous treated one. The opposite 
change occurred in both treated and untreated 
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balanced lines (table 8). Up to the fourteenth 
generation, the viability remained normal in 
both balanced lines kept at 21°. The twenty- 
fourth generation showed a slight, but probably 
significant, slump in the untreated as well as in 
the treated line. Transferred to 251°, the 
chromosome in the untreated line proved to be 
completely lethal in a homozygous condition, as 
shown by the tests in the thirtieth and the thirty- 
sixth generations. The line was discarded after 
the latter test. The treated balanced line 
seemed for a time to hold its own better than 
the untreated one. In the thirtieth and thirty- 
sixth generations, the chromosome acted as a 
semilethal. The phenotypic abnormalities of 
AA 955 homozygotes, namely rough eyes and 
abnormal legs, were strikingly apparent. In 
the fiftieth generation, the chromosome acted as 
an almost complete lethal (0.3 per cent wild- 
type). The development rate of AA 955 was 
initially slow, but it seemed to become somewhat 
faster in the fourteenth and the twenty-fourth 
generations in the X-rayed balanced line. How- 
ever, in the thirtieth and thirty-sixth generation, 
the wild-type individuals developed again much 
less rapidly than their Curly sibs. Whether 
or not the apparent speeding-up of the develop- 
ment rate in the fourteenth and the twenty- 
fourth generations was genotypically determined, 
is difficult to tell. 


AA 1035 


The untreated and the treated balanced lines 
of the fourth chromosome AA 1035 behaved 
quite differently during the course of the experi- 
ments, but both of them ended by becoming com- 
pletely lethal in double dose. Already in the 
second generation of the main experiment, the 
viability test in the treated balanced line gave 
17.4 per cent wild-type, indicating a strong re- 
duction of the viability (table 3). In the sixth 
generation, the chromosome became definitely a 
semilethal, only 9.6 per cent non-Curly flies 
being produced. These non-Curly flies ac- 
quired a phenotypic anomaly, namely, they were 
dwarfs which frequently failed to hatch from the 
pupae, or died, having only broken the puparium 
and having extracted from it the anterior but 
not the posterior parts of their bodies. The 
slow development characteristic of the AA 1035 
homozygotes was very strongly pronounced: 
the non-Curly flies started to hatch only after 
most of their Curly sibs had emerged. In the 
tenth and fourteenth generations, the chromo- 
some acted as a very nearly complete lethal. 
The strain was discarded. 

In the balanced untreated line, the viability 
had very definitely increased between the sec- 
ond and the tenth generations (21.3 per cent and 
33.2 per cent wild-type respectively, see table 9). 
It had fallen off slightly in the twenty-fourth 
generation (25.6 per cent). After the transfer 
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to the warmer temperature, the chromosome ap- 
proached the semilethal range in the thirtieth 
generation, and definitely became semilethal in 
the thirty-sixth (6.8 per cent wild-type). It 
was completely lethal and was discarded in the 
next generation. The improvement of the vi- 
ability between the second and the tenth gen- 
erations was accompanied by another change, 
namely, by a speeding-up of the development 
rate of the homozygotes. In the tenth, four- 
teenth, and twenty-fourth generations the non- 
Curly flies hatched in the cultures almost si- 
multaneously with the Curly ones. 
of the viability which set in later was not ac- 
companied by a reversion to slow development. 
Thus, chromosomes, which permitted a fair 
viability but caused a slow development of the 
homozygotes, have evolved toward semilethality 
and normal development rate. 


AA 1105 


The control value for the viability of AA 1105 
homozygotes is 23.7 per cent wild-type (table 
4). Nevertheless, in the F: generation of the 
main experiment, values as low as 22.5 per 
cent (in the homozygous X-rayed line) and as 
high as 32.1 per cent (in the balanced untreated 
line) were obtained (table 10). The difference 
between these values is unquestionably signifi- 
cant. So high a variation in the second genera- 
tion suggests, that by the time the main experi- 
ment was started, the AA 1105 stock was no 
longer uniform, and contained variants that 
exceeded in viability the original strain, the 
properties of which are described by the con- 
trol data. However that may be, the balanced 
untreated strain showed normal viability up to 
at least the twenty-fourth generation (values 
from 30.2 per cent to 34.4 per cent wild-type, 
table 10). The viability declined in the thirtieth 
generation (26.1 per cent wild-type), and 
reached the upper margin of the semilethal range 
in the thirty-sixth generation (13.5 per cent 
wild-type). This was, however, followed by a 
period of recovery, and the fiftieth generation 
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equalled the thirtieth in viability. So, the net 
effect of fifty generations in a balanced condi- 
tion was merely a very slight deterioration of 
the properties of the chromosome concerned with 
the viability of homozygotes. Another property 
of the same chromosome, which makes it unique 
among those used in the present investigation, 
is that homozygotes develop somewhat faster, 
instead of slower, than the heterozygotes. The 
latter property was fully retained in the un- 
treated balanced line. 

The X-rayed balanced line of AA 1105 de- 
generated rather suddenly between the tenth 
and fourteenth generations (table 10). In the 
fourteenth generation, it behaved as a very 
nearly complete lethal. It was discarded shortly 
thereafter, when no more non-Curly individuals 
seemed to hatch in the cultures. 


PA 851 


The balanced lines of PA 851 gave little net 
change during the period of the experiments 
(table 11). The balanced untreated line stayed 
on a level close to normal viability for at least 
14 generations, seemed to deteriorate between 
the twenty-fourth and the thirty-sixth genera- 
tions, but came up again at the close of the ob- 
servations. The X-ray treated line had suffered 
a slight but seemingly persistent deterioration. 

In contrast to the lack of substantial change 
in the properties of the chromosome PA 851 
concerned with viability, the development rate 
had changed in a quite spectacular fashion. In 
the control experiments, PA 851 homozygotes 
developed more slowly than the heterozygotes. 
The slow development rate was retained in- 
tact in the untreated homozygous line up to 
the fiftieth generation. The slowness had gradu- 
ally disappeared in the homozygous line treated 
with X-rays, and in the fiftieth generation the 
homozygotes were developing at least as rapidly 
as did the heterozygotes. The percentages of 
wild-type in successive counts in the control and 
in the fiftieth generation of the homozygous lines 
are as follows: 


























Control Untreated homozygotes Treated homozygotes 

Total | Per cent Total | Per cent Total Per cent 

flies wild-type flies wild-type flies wild-type 
Ist count 118 20.3 320 15.9 | 168 26.2 
2ndcount | 241 22.4 561 | 196 | 600 30.0 
3rd count 258 20.2 267 22.8 361 | 26.6 
4th count 266 24.8 141 | 34.8 219 19.6 
5th count 291 23.0 33 42.4 78 20.5 
6th count | 237 37.6 | 3 56.7 31 16.1 
7th count 125 35.2 _ ; ~ 
8th count | 58 41.4 | | sie he | i 
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On the other hand, in the balanced lines, the 
speed of the development had increased until 
the homozygotes developed decidedly more rap- 
idly than the heterozygotes. Data on the per- 
centages of wild-type in the fourteenth and in 
the fiftieth generations of the balanced lines can 
be summarized thus: 
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had a semi-dominant effect, accelerating the de- 
velopment. These mutations were favored 
by selection because they made the wild/incom- 
plete-hooked-Curly-inversion individuals develop 
faster than the non-mutant individuals of the 
corresponding genotype did. The development 
of the homozygous mutant individuals (wild/ 








Balanced X-rayed 























Fis F 50 Fis F 50 

Total Per cent Total | Per cent | Total Per cent | Total Per cent 

flies | wild-type flies wild-type flies wild-type flies wild-type 
Ist count! 138 | 39.9 493 | 46.2 96 7.3 505 43.2 
2ndcount| 366 | 33.9 1322 | 32.5 mS | 228 659 26.3 
3rd count} 481 | 33.1 915 | 20.3 290 29.6 192 20.3 
4th count| 544 | 35.7 195 9 241 29.1 43 1.6 
5th count | 395 | 27.1 52 | 17.3 225 40.0 | 30 | 0.0 
6th count; 345 | 284 | 20 | 10.0 201 29.9 — | - 
7th count 276 32.2 —- | — | 165 33.9 — | _ 
8th count 146 | 28.8 — | _~ 142 24.6 | — | — 
9th count; 158 | 22.2 — | - 115 | 24.3 - | — 
10th count 95 | 27.4 ~ — 53 | 26.4 _ 
11th count 47 | 27.7 - - 58 27.5 | - 
12th count 9 22.2 -—- - - — — 





In the fourteenth generation of the balanced 
untreated line, the wild-type class is slightly but 
significantly more frequent among the early 
than among the late hatching‘flies (x? = 23.7, 
probability of chance occurrence is, for 10 de- 
grees of freedom, slightly below 0.01). In the 
fiftieth generation of the same line, wild-type 
individuals are decidedly more frequent in the 
early than in the late counts. The chromosome 
PA 851 which at the beginning of the experi- 
ment slowed down the development of its car- 
riers has come to have an opposite effect. An 
analogous, but even more striking, transforma- 
tion took place in the X-ray treated balanced 
line. The data for the fourteenth generation 
show that, at that time, the hatching of the 
wild-type class was still significantly delayed 
compared to the Curly class. Yet, in the fiftieth 
generation, wild-type flies constituted 43 per 
cent of the total in the first count, about 20 per 
cent in the third, and zero per cent in the fifth 
count. This is probably the most striking ex- 
ample of accelerated development rate found 
in our experiments. 

It may seem strange that acceleration of the 
development rate has apparently been selected 
for in the balanced lines of the chromosome PA 
851, while, in at least the untreated homozygous 
line, no acceleration was observed. The most 


plausible conjecture to account for this differ- 
ence, is that mutations have arisen in the wild 
fourth chromosome of the balanced lines which 











wild) is accelerated even more than that of the 
heterozygotes, but the homozygotes may have 
a lowered viability that overbalances the ad- 
vantage accruing from the faster development. 


Summary 


All in all, the prevalent kind of change, 
among chromosomes kept in a balanced 
condition is, clearly, to accumulate genetic 
variants that are deleterious in homozy- 
gous condition. The accumulation is more 
rapid in the X-rayed than in the untreated 
lines. Analysis of the data in tables 5-11 
shows that the changes in the balanced 
lines are rather haphazard and erratic: a 
given line may show alternate deteriora- 
tions and slight. improvements of the vi- 
ability. However, since deteriorations are 
more frequent than improvements, the net 
result of the process is, usually, loss of 
the strain through lethality. In contrast 
to this, homozygous strains frequently 
show more or less regular trends of change 
directed toward viability improvements. 
The erratic behavior of the balanced, and 
the more regular one of homozygous 
strains is readily understandable. Bal- 
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anced strains accumulate deleterious mu- 
tants because recessive mutants, that arise 
*in balanced chromosomes, are sheltered 
from natural selection, ‘regardless of how 
deleterious they may be in double dose. 
In homozygous strains, deleterious mu- 
tants are eliminated while beneficial mu- 
tants are multiplied, eventually supplant- 
ing the original genotypes. 


DISCUSSION 


Maintenance of “pure,” “standardized,” 
or “homogeneous” strains of agricultural 
and laboratory organisms is very impor- 
tant. The problem is usually solved by 
preventing interbreeding of representa- 
tives of different strains, and by weeding 
out obvious rogues that may arise from 
time to time. The explicit or implicit as- 
sumption, which is very generally made 
by biologists and by breeders, is that, if 
the above elementary precautions are ad- 
hered to, the heritable properties of the 
strains concerned will remain, with rare 
exceptions, constant from generation to 
generation. Evidence is, however, ac- 
cumulating which shows that this as- 
sumption oversimplifies the real situa- 
tion. Owing to the processes of mutation 
and recombination, most “pure” strains 
are, or rapidly become, more or less com- 
plex populations. The genetic variability 
present in such populations increases with 
time and, furthermore, may be acted upon 
by natural selection. Although this fact 
is frequently not understood, natural selec- 
tion is obviously far from abolished in 
garden and laboratory strains. The heri- 
table properties of the strains change with 
time, and the changes may be both rapid 
and far reaching. 

The pioneer observations on genetic 
alterations in laboratory strains of Dro- 
sophila melanogaster are those of Marshall 
and Muller (1917). These authors ex- 
perimented on the recessive autosomal mu- 
tant genes balloon, curved, and dachs. The 
expressivity of these genes in a homozy- 
gous condition is variable. Strains of 
these mutants were kept homozygous for 
a period of fifty generations, and parallel 


heterozygous strains were kept in which, 
by means of appropriate crosses, the re- 
cessives were prevented from manifesting 
themselves in the phenotype. At the end 
of this period, the mutant characters were 
more extreme in the strains which were 
kept heterozygous, and less so in the ho- 
mozygous strains. Two not mutually 
exclusive explanations of the observed di- 
vergence of the heterozygous and homo- 
zygous strains can be suggested. First, 
since the viability of the homozygous mu- 
tants is below normal, modifying genes 
that partly suppress the effects of the mu- 
tants may have been selected in the ho- 
mozygous strains. Second, modifiers that 
intensify the: expression of the mutants 
may have arisen and become established 
in the heterozygous strains. 

One of us (Dobzhansky, 1937) ‘ob- 
served changes in the manifestation of 
the mutant stubbloid in Drosophila mela- 
nogaster. This recessive gene causes a 
shortening of the bristles, a deformation 
of legs, and crumpling of wings in ho- 
mozygotes. A stubbloid strain kept ho- 
mozygous for about 20 generations ac- 
quired normal or nearly normal legs and 
wings, but the bristles continued to be 
short. When, however, this more nearly 
“normal” strain was outcrossed to an 
unrelated wild one, some of the stubbloid 
flies, appearing in the F, generation, again 
had deformed legs and wings. The most 
likely explanation is that modifiers had 
become selected in the homozygous strain 
which suppressed the deleterious leg and 
wing effects of stubbloid, but not the 
bristle effects which are relatively or com- 
pletely innocuous for viability. The sys- 
tem of suppressors was broken down by 
outcrossing to a wild strain in which these 
modifiers are not fixed by selection, hence 
the re-emergence of the leg and wing ab- 
normalities. A similar partial suppression 
of the phenotypic effects of homozygosis 
for the second chromosome PA 748 has 
been observed in the experiments reported 
in the present paper. The homozygotes 
had, originally, elongated abdomens and 
deformed legs and wings. After fifty 
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generations in the homozygous line, the 
legs and wings became normal but the 
peculiar shape of the abdomen persisted 
more or less unmodified. The leg and 
wing abnormalities are obvious handicaps, 
but the change in the shape of the abdo- 
men is apparently not very important un- 
der the laboratory conditions of life of 
the flies. 

Gustafsson (1947) has described the 
results of his extensive experiments on X- 
ray induced mutations in barley and some 
other agricultural plants. Among the nu- 
merous mutations obtained, a majority 
are distinctly deleterious, but a few ap- 
pear to improve the agricultural qualities 
of the strains concerned. Gustafsson re- 
gards the prospects of agricultural breed- 
ing work with the aid of X-ray induced 
mutations with great optimism. Indeed, 
the method deserves thorough trial. The 
likelihod of mutation improving the agro- 
nomic qualities of domesticated species is 
higher than that of mutation increasing the 
survival ability of a species in its native 
habitat. The domestication of animal and 
plant species is, geologically speaking, a 
very recent event, while the adaptations 
of wild speices have resulted from a much 
longer process of evolutionary develop- 
ment. Furthermore, domesticated forms 
are very frequently transferred from place 
to place, and consequently exposed to ever 
new environments. Finally, agriculturally 
desirable qualities may in some cases be 
unfavorable in wild species, and vice 
versa. 

Jones (1944, 1945) and Singleton 
(1943, 1947) have observed the origin of 
several mutations in inbred lines of maize 
which are more or less deleterious when 
homozygous, but which produce _heter- 
ozygotes more vigorous than either the 
ancestral inbreds or the homozygous mu- 
tants. These phenomena can be under- 
stood only in the light of population ge- 
netics. The basic fact to be reckoned with 
is that the maize species is normally cult- 
vated in very large cross-breeding popu- 
lations. In such populations, many gene 
loci are represented by numerous alleles. 





Many or most of these alleles may be 
deleferious in double dose but favorable 
in heterozygotes with other alleles present* 
in the same population. In a large, nor- 
mally cross-bred, species such as maize, 
inbreeding conflicts with the reproductive 
biology to which the species has become 
adjusted by a long process of natural selec- 
tion. Inbreeding makes the strain homo- 
zygous for some gene alleles which had 
been selected to produce optimal pheno- 
types when heterozygous. Homozygosis 
results in degeneration. Now, some mu- 
tations would be expected to arise in in- 
bred lines from time to time which would 
partially restore the vigor when heterozy- 
gous. But the same mutant alleles may 
be deleterious in homozygous condition. 
If an inbred line is subdivided into two or 
several sublines which are further inbred 
for several generations, the sublines may 
come to differ in some gene alleles which 
may produce some heterosis in hybrids be- 
tween the sublines. A statement of Sin- 
gleton (1947) suggests that such heterosis 
does occur in some cases. 

The initial material with which the ex- 
periments described in the present ar- 
ticle were started consisted of seven lines 
of Drosophila pseudoobscura which were 
made homozygous for certain second or 
fourth chromosomes. Effectively, these 
lines were “‘inbred”’ by means of a special 
genetic technique (see page 192, and 
Dobzhansky and Spassky, 1944). The 
enforced homozygosis caused a loss of 
vigor ; some homozygotes were semilethal 
and semisterile at 251%4°, and only slightly 
more viable at 21°. The seven lines were 
subdivided each into four sublines, two of 
which were kept homozygous and the 
other two had a “balancing” chromosome 
introduced into them. Twenty-five gen- 
erations were carried at 21°, and the fol- 
lowing twenty-five generations at 25%4°. 
A partial restoration of the vigor and 
fertility of the homozygous strains gradu- 
ally took place. 

The technique employed in our experi- 
ments has, however, permitted us to de- 
tect, in our lines, improvements or deteri- 
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Fic. 1. Viability of seven strains before and after fifty generations of 
homozygosis. Black columns—the initial viability before the start of the 
experiments ; white columns—viability after fifty generations in homozygous: 
untreated lines; hatched columns—viability after fifty generations of X-ray 
treated homozygotes. Ordinates—percentages of normal viability. 


orations in the viability of homozygotes, 
not of heterozygotes as in the experiments 
of Jones and Singleton. We have meas- 
ured the viability of flies homozygous for 
certain chromosomes in relation to that 
of heterozygotes for the same wild chro- 
mosomes and for the “balancing” chro- 
-mosomes which contained certain mark- 
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ing genes and inversions. The viability 
of homozygotes is defined as “normal” 
when the homozygotes and heterozygotes 
appear in the simple Mendelian propor- 
tions (Dobzhansky, Holz, and Spassky, 
1942; Dobzhansky and Spassky, 1944). 

The height of the black columns in fig- 
ures 1 and 2 symbolizes the initial vi- 
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Fic. 2. Viability of seven strains before and after fifty generations in 
balanced condition. Black columns—the initial viability; white columns— 
viability after fifty generations in untreated balanced lines; hatched columns 
—viability after fifty generations in balanced lines treated with X-rays. 


Ordinates—percentages of normal viability. 
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ability of homozygotes for each of the 
seven original chromosomes used in our 
experiments. Here the viability is ex- 
pressed in per cent of the normal viability.’ 
The initial viability varies from 30 per 
cent normal for chromosome PA 748 to 
about 80 per cent normal for chromosome 
PA 851 (figures 1 and 2). The white 
columns in figure 1 indicate the viability 
after 50 generations of propagation of the 
original homozygous lines in overpopu- 
lated cultures and without X-ray treat- 
ments. It can be seen that very significant 
viability improvements have taken place 
in four out of seven strains, a slight im- 
provement in one strain (AA 1105), 
while two strains have not changed signifi- 
cantly. In two cases (PA 748 and AA 
1035), the improvements were quite dra- 
matic, because the homozygotes which 
were semilethal at the beginning of the 
experiments were just below normal in 
viability after 50 generations of breeding 
in homozygous condition. 

The hatched columns in figure 1 show 
the viability after 50 generations of ho- 
mozygosis in overpopulated cultures, with 
the male progenitors of every generation 
receiving a treatment of 1000 r-units of 
X-rays. Six of the seven lines show im- 
provements of the viability; in at least 
three of these lines (PA 748, PA 784, and 
KA 667) the improvements are quite 
striking. It is difficult to decide whether 
the improvements are mofe pronounced 
in the lines which did receive X-ray treat- 
ments or in the lines which did not. In 
any case, there is no necessary correlation 
between the performances of a given line 
in the two series of experiments. Thus, 
the viability effects of the chromosome 
KA 667 were improved in the X-ray 
treated line but remained constant in the 

2 The ordinates in figures 1 and 2 are derived 
by dividing the percentages of wold-type indi- 
viduals shown in tables 1-11 by 33.3 and multi- 
plying by 100. This is, because in the cultures 
in which the homozygotes and heterozygotes 
are equal in viability, the wild-type class con- 
stitutes 33.3 per cent of the total. The homo- 
zygotes in such cultures have, by definition, 100 
per cent of “normal” viability. 
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untreated line, while the chromosomes AA 
955 and AA 1035 were improved more 
in the untreated than in the treated lines. 

The tendency toward betterment of the 
viability in the homozygous lines (figure 
1) contrasts sharply with the degeneration 
observed’ in most of the balanced lines 
(figure 2). The white columns in figure 
2 symbolize the viability records of the 
chromosomes kept for 50 generations in a 
balanced condition, in normally populated 
cultures, and without X-ray treatments. 
The hatched columns in the same figure 
summarize the results obtained after 50 
generations in a balanced condition, but 
with 1000 r-units of X-rays administered 
to the male parents in every generation. 
Three of the seven untreated lines were 
lost or discarded because the chromosomes 
became lethal; in another three lines the 
viability was unchanged, and in one line 
(PA 748), it has improved slightly (the 
improvement has, however, taken place 
before the homozygous parents were 
strictly eliminated from the breeding pop- 
ulation). Of the seven treated balanced 
lines, five have become very nearly or 
completely lethal in homozygotes, one 
(line PA 851) has degenerated slightly, 
and one line (PA 748) has either not 
changed or somewhat improved. 

The changes that took place in the de- 
velopment rates, in fertility, and in ex- 
ternally visible characters of the strains, 
can be summarized as follows. Five of the 
seven chromosomes, with which the ex- 
periments were started, had the effect of 
retarding the development rates of the 
homozygotes ;*at least two chromosomes 
made the homozygotes semisterile, and 
four chromosomes produced visible ef- 
fects on the body structure (deformed legs 
and wings, rough eyes, changes in the 
shape of the abdomen, and changes of 
wing venation). After fifty generations 
of experimental breeding, the develop- 
ment rates of the homozygotes have been 
more or less accelerated compared to the 
original condition in most of the homo- 
zygous treated and untreated strains, and 
also in at least two of the balanced strains. 
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The semisterility has partially or com- 
pletely disappeared, and some of the struc- 
tural abnormalities have decreased in ex- 
pressivity in homozygous lines. 

The causation of the changes observed 
in our experiments must be discussed 
now. There can be no reasonable doubt 
in that the improvement of the viability 
and the speeding up of the development 
rates in the homozygous lines was caused 
by natural selection. It must be kept ir 
mind that the cultures of the homozygous 
lines were deliberately kept overpopulated 
generation after generation, and that the 
flies which hatched late in those cultures 
were seldom or never used as parents of 
the succeeding generations. Any genetic 
variants which improve the viability are 
obviously favored by the process of natural 
selection. The same is true for the vari- 
ants that speed up the development rate, 
although the selection pressure is in this 
case, perhaps, not as intense as it is with 
the viability improvements.® 

No matter how great the selection pres- 
sure may be, it can induce changes only 
if it acts on a population which contains a 
mixture of genetic variants differing in 
adaptive value. A supply of such variants 
can arise by mutation and by recombina- 
tion of genes. Recombination of pre- 
existing genetic variants is capable, under 
some conditions, to supply materials with 
which the selection process will operate for 
many generations. Mather (1942, 1943) 
and Wigan and Mather (1944) have de- 
scribed very spectacular selection experi- 
ments with bristle numbers on the abdomi- 


$It should be noted that the form of selec- 
tion involved is properly termed natural, not 
artificial, although it is enacted, of course, in 
highly artificial environments. Artificial selec- 
tion presupposes a conscious or unconscious 
choice of individuals which are used as pro- 
genitors of the following generations and of 
individuals which are discarded. The selection 
which has led to viability improvements in our 
cultures was taking place through differential 
mortality of the weaker types and differential 
survival to the adult stage of the more vigorous 
individuals. On the other hand, unconscious 
artificial selection has played some role in the 
speeding up of the development rates. 
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nal sternites of Drosophila melanogaster, 
in which changes in the numbers of these 
bristles continued to occur for dozens of 
generations, and led to very substantial 
alterations of the original condition. These 
authors present cogent arguments in favor 
of the view that selection was operating 
with gene recombinations released by 
crossing-over in balanced groups of poly- 
genes, and that the role of new mutations 
was relatively slight. Similar arguments 
can hardly be applied, however, to inter- 
pretation of our data. Our homozygous 
lines were, at the beginning of the experi- 
ments and with the aid of a special genetic 
technique, made to carry two identical 
second or two identical fourth chromo- 
somes. Any genetic diversity which arose 
in these chromosomes during the fifty 
generations of the experiments must have 
appeared by mutation. To be sure, the re- 
mainder of the chromosomes was not con- 
trolled in our strains, and it is virtually 
certain that these chromosomes did con- 
tain a supply of unfixed genes capable of 
being recombined in the process of breed- 
ing. The recombination of these genes 
can not, however, account for the observed 
improvements in the viability of the homo- 
zygotes for the second or fourth chromo- 
somes (figure 1). Indeed, the viability 
of these homozygotes was tested by out- 
crossing individuals from the homozygous 
lines to flies carrying dominant gene 
markers and inversions in their second or 
fourth chromosomes, inbreeding the off- 
spring of these outcrosses, and counting 
the flies carrying or not carrying the gene 
markers in the following generation. In 
other words, the second or fourth chro- 
mosomes, the effects of which on the vi- 
ability and other traits were to be tested, 
were placed on a neutral genetic back- 
ground. The changes observed must have 
stemmed from mutations that had arisen 
in the experimental chromosomes during 
the experiments. 

The changes observed in the balanced 
lines (figure 2) must also be due largely 
to mutations. The appearance of re- 
cessive lethals in the balanced chromo- 
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somes which did not contain such lethals 
at the start of the experiments can hardly 
be explained except by mutation, even 
though in other experiments we have ob- 
served the appearance of so-called syn- 
thetic lethals (Dobzhansky, 1946). It 
must be noted that some genetic drift is 
clearly necessary in order that second or 
fourth chromosomes in a given line be- 
come uniformly lethal-carrying. Indeed, 
recessive lethal mutations arise, as a rule, 
in a single individual. But when a test 
shows that a chromosome in a balanced 
line is lethal to homozygotes, most or all 
individuals in the experimental culture 
must carry the same lethal. Unless one 
supposes that individuals heterozygous 
for recessive lethals are favored by natural 
selection and replace the lethal-free geno- 
types in the populations of the balanced 
lines, the spread of the lethals can be as- 
cribed only to chance. Here it must be re- 
called that the balanced lines were per- 
petuated from generation to generation 
through four to five pairs of flies, and it 
is possible that the effective numbers of the 
parents were even lower. In a,population 
of so small an effective size, genetic drift 
will, of course, be important. Indirect 
evidence of the importance of the genetic 
drift in the fate of the balanced lines may 
be seen in the erratic course of the viability 
changes shown during the course of the 
experiments in some of the balanced lines, 
but normally not in the homozygous lines 
(tables 5-11). The homozygous lines 
were carried on by taking some twenty 
pairs of parents in every generation, four 
to five times as many as in the balanced 
lines. 

The assortments of mutations that were 
arising in the homozygous and in the bal- 
anced lines were probably rather similar. 
The strikingly different results obtained 
in these two classes of lines (compare 
figures 1 and 2) are obviously due to the 
controlling influence of natural selection 
in the homozygous, and of the genetic 
drift in the balanced, lines. Deleterious 
mutations were presumably everywhere 
more common than beneficial ones. How- 
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ever, the beneficial mutations were selected 
aid the deleterious ones eliminated in the 
homozygous lines, while in the balanced 
lines recessive mutants were spreading 
widely, regardless of their adaptive values. 
Comparison of the X-ray treated lines 
with the untreated ones shows that the 
treated balanced strains degenerated more 
rapidly than their untreated analogues, 
but no significant differences could be 
discerned between treated and untreated 
homozygous lines. The idea of carrying 
parallel treated and untreated lines arose 
from the consideration that X-ray treat- 
ments might speed up the mutation proc- 
ess, and thus make the changes more 
rapid. The experiments have on the 
whole not borne out this expectation. It 
is possible that administering as much 
as 1000 r-units of X-rays per generation 
was excessive. The chromosomes re- 
ceived an aggregate total of 50,000 r-units, 
which is an exceedingly heavy dose for 
Drosophila. It is possible that the treated 
homozygous lines were, so to speak, 
flooded with deleterious induced muta- 
tions, and that the difficulty of eliminating 
this mass of degenerate germ plasm barelv 
permitted the treated homozygous lines 
to keep their own in the race for vi- 
ability improvements with the untreated 
homozygous strains. By the same token, 
our results show that, with unrelenting 
selection, living populations may not 
merely purge themselves of deleterious 
mutants induced by X-radiations but may 
undergo progressive improvement. This 
obviously could not happen in populations 
in which the selection pressure is relatively 
relaxed, such as in some mammalian and 
particularly human ones. The fate of a 
population is determined by the relative 
intensities of the conflicting processes of 
selection and deleterious mutation. 
Timofeeff-Ressovsky (1937) has esti- 
mated that the total mutation frequency 
in all chromosomes of Drosophila melano- 
gaster is, roughly, of the order of 2-3 per 
cent per generation. Our data do not 
permit any estimates of this sort to be 
made. It may, however, be noted that five 
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out of the seven homozygous untreated 
lines have shown viability improvements 
(figure 1). The behavior of the balanced 
lines shows, on the other hand, that 
beneficial mutations are much less fre- 
quent than the deleterious ones. This sug- 
gests that the spontaneous mutation fre- 
quency in Drosophila pseudoobscura is 
high, and that genes, causing minor modi- 
fications of the physiological processes, 
arise very often. 


GENERAL SUMMARY 


The present investigation is designed 
to test the hypothesis that mutations bene- 
ficial to their carriers may be observed if, 
instead of normal or wild-type strains, one 
uses, as initial materials, strains the vi- 
tality of which is reduced by some dele- 
terious genetic factors. The wild-type is 
presumably always close to the highest 
adaptive level attainable in the normal 
environment in which the species lives; 
favorable mutations that might counter- 
act the effects of defective heredity are, 
however, easily conceivable. 

Seven strains of Drosophila pseudo- 
obscura were made homozygous for sec- 
ond or for fourth chromosomes which 
were known to diminish the viability of 
homozygotes. Some of them also slowed 
down the development rate, or reduced 
the fertility, or made the homozygotes 
structurally abnormal. Each strain was 
subdivided into four lines, two of which 
were kept homozygous, and two were 
“balanced” in such a way, that the sec- 
ond or fourth chromosomes were always 
in heterozygous condition. The homozy- 
gous, but not the balanced, lines were kept 
in strongly overpopulated and crowded 
cultures. In one homozygous and in one 
balanced line of each strain, the males were 
given a treatment of 1000 r-units of X- 
rays in every generation. All lines were 
kept for twenty-five consecutive genera- 
tions at 21°, and for the next twenty-five 
generations at 2544°. The whole experi- 
ment lasted, thus, for fifty generations, or 
from November 1942 till January 1947. 
The viability, development rate, and 
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other characteristics of the twenty-eight 
lines were tested at intervals of several 
generations. Testing in every generation 
would be too laborious, since even as it 
was the work required classification and 
recording of at least 410,784 flies. 

Improvements of viability were ob- 
served in five out of seven homozygous 
untreated strains after fifty generations 
(figure 1). Two strains did not change 
significantly. Among the X-ray treated 
homozygous strains, six out of the seven 
showed appreciable gains in viability, and 
one ‘was unchanged. In at least seven 
of these fourteen homozygous strains, the 
improvements were quite striking. 

Among the balanced untreated strains, 
three developed lethals in the balanced 
chromosomes, three were unchanged and 
one improved to a slight extent (figure 
2). Recessive lethals or semilethals ap- 
peared in the balanced chromosomes of 
five X-rayed strains, while two strains 
were either unchanged or slightly im- 
proved. The contrast between the homo- 
zygous and the balanced lines is striking: 
most of the former improve and most of 
the latter degenerate. 

Several of the homozygous strains 
which were initially characterized by re- 
ductions of the development rates lost 
these characteristics in the process of 
breeding. Speeding up of the develop- 
ment rate was observed also in two of 
the balanced strains. Similarly, such 
disabilities of the balanced strains, as semi- 
sterility and visible structural abnormali- 
ties, were in part eliminated. 
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A SIMPLE MODEL OF “DRIFT” IN SMALL POPULATIONS 


Paut A. Moopy 


University of Vermont 


Dubinin and Romaschoff (1932) described a 
model to illustrate scattering of variability. It 
consisted (Dobzhansky, 1941, 162-163) of a 
bowl containing 100 numbered marbles. In 
each “generation” 25 marbles were withdrawn 
at random and discarded; in addition, 25 marbles 
were withdrawn and each was replaced by two 
marbles bearing the same number as the one 
withdrawn. In this way the number of marbles 
remained constant but there was a progressive 
decline in variability. In from 108 to 465 gener- 
ations “homozygosis” of the population was 
attained, i.e., all the marbles bore the same 
number. 

The model described below has the advantage 
that it simulates actual conditions in bisexual 
reproduction more closely than does the one 
mentioned above, and that it avoids the artificial 
regularity introduced by doubling the frequency 
of 25 per cent of the alleles in each generation. 
While this doubling can be demonstrated to 
occur on the average, it can scarcely be presumed 
to occur without exception in every generation 
when the population is small. 

The equipment for the model consists of 
wooden beads of two colors. The only re- 
quirement is that the beads be of uniform size 
and that the beads of the two colors not be dis- 
tinguishable by the sense of touch. I use red 
beads to represent “A” genes, blue beads to 
represent “a” genes. Beads are tied together 
in pairs to represent zygotes: two red beads to 
represent the zygote AA, one red bead and one 
blue bead to represent the zygote Aa, two blue 
beads to represent the zygote aa. The number 
of “zygotes” so prepared depends upon the size 
of the population to be established; there must 
be a sufficient reserve supply of each “zygote” 
so that the entire population can, if necessary, 
be composed of but one genotype (all AA, or all 
Aa, or all aa). A bowl containing single red 
and blue beads in equal numbers completes the 
equipment. 

The initial “population” can be of any con- 
stitution desired. I began with a small popu- 
lation conforming to Hardy’s ratio (Dobzhansky, 
1941, 156 ff.): three pairs of red beads, six 
pairs consisting of one red and one blue bead, 





1 Beads obtained from Ward’s Natural Science 
Establishment, Rochester, New York. 
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three pairs of blue beads. The genotypic con- 
stitution represented was, accordingly, 3AA: 
6Aa: 3aa. These pairs of beads were placed to- 
gether in a small box, thoroughly mixed, and 
then withdrawn at random, two pairs at a 
time. In this way “matings” were arranged 
by chance. A record of the pairings was made. 
The matings actually obtained in a first trial 
of this process were as follows: Aa x aa; AA x 
Aa; AA x aa; AA x Aa; Aax Aa; Aa x aa. 

With the matings arranged by chance, the 
next step consists of determining the offspring 
from each mating, also by chance. I chose to 
assume that the population was stationary in 
size—that each pair of parents merely replaced 
itself, producing two offspring which survived 
to reproduce. Obviously, other assumptions 
can be applied in the use of the model. If both 
parents are homozygous the two offspring must 
both be of one genotype, thus they can be re- 
corded immediately. The bowl containing single 
red and blue beads in equal numbers is used to 
determine the genotypes of offspring if either par- 
ent is heterozygous. If the parents are Aa x Aa, 
two beads are withdrawn simultaneously and at 
random ; obviously both beads may be red (AA), 
one may be red, one blue (Aa), or both may be 
blue (aa). The beads are immediately replaced 
in the bowl and the contents of the latter are 
mixed before the next drawing. The drawing is 
made twice for each mating, to produce the two 
“offspring.” If the genotypes of the parents 
are AA x Aa, only one bead is withdrawn at 
random, since the only variable is the contribu- 
tion of the Aa parent, the “gamete” from the 
AA parent being of necessity A. This drawing 
is made twice for each mating. A comparable 
situation prevails when the parents are Aa x aa. 
In the first trial, the offspring actually obtained 
from the matings listed at the end of the pre- 
ceding paragraph were assorted as follows: 
LAA, 10Aa, laa. 

The offspring so obtained form the parents 
of the next generation; pairs of beads to repre- 
sent them are placed in the small box mentioned 
above. In the case of the first trial mentioned, 
one pair of red beads, ten pairs consisting of 
one red bead and one blue bead, and one pair 
of blue beads were placed in the box, mixed 
thoroughly, and then withdrawn two pairs at 
a time as before. The matings having been ar- 
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ranged by chance in this manner, the offspring 
from the matings were determined by chance, 
using the bowl containing red and blue beads in 
equal numbers, as described in the preceding 
paragraph. In the trial mentioned, the offspring 
in this generation proved to consist of LAA, 6Aa, 
5aa. These formed the parents of the succeeding 
generation. Pairs of beads representing them 
were placed in the small box, withdrawn two 
at a time as before, the offspring from these 
matings were determined, and so on, generation 
after generation. 

In the series referred to, “drift” accomplished 
fixation of one genotype in the 134th generation. 
The offspring produced in that generation were 
all of the genotype AA, the gene “a” having 
been irrevocably lost from the population. 
Twice before, at the 46th and the 67th genera- 
tions, only one of the 24 genes in the offspring 
was “a” (1IAA, 1Aa, Oaa). But each time 
there was a “rally” on the part of the “a” genes 
and their number increased in subsequent genera- 
tions. Thus the model gives evidence of the 
tenacity with which the laws of chance tend 
toward maintenance of the equilibrium expressed 
by Hardy's ratio, even when. populations are 
very small. This tendency may be overcome 
with relative rapidity at any time, however. 
For example, at the end of the 115th generation 
the population consisted of 2AA, 7Aa, 3aa, a 
slightly less auspicious composition for the 
fixation of “A” than the parents of the first 
generation had afforded. Yet 19 generations 
later the gene “a” was completely eliminated. 

Table I summarizes the genotypic structure 
of these final twenty generations and gives 
graphic illustration of the manner in which 
“drift,” once inaugurated, can continue to fixa- 
tion of one gene. 

The simple model described above simulates 
reduction of variability in small populations 
through operation of the laws of chance (1) 
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TABLE I. Genotypic structure of the final twenty 
generations of a sample series which culminated 
in the loss of one allele from the population 


Generatign Distribution of genotypes: 
No.: AA Aa aa 
115 2 7 3 
116 5 4 3 
117 5 3 4 
118 4 6 2 
119 5 5 2 
120 4 7 1 
121 4 7 | 
122 3 8 1 
123 3 9 0 
124 6 5 | 
125 7 5 0 
126 9 2 1 
127 8 4 0 
128 0) 2 | 
129 9 3 0 
130 9 3 0 
131 10 2 0 
132 10 2 0) 
133 11 1 0 
134 12 0 0 


upon matings and (2) upon subsequent pro- 
duction of zygotes. It mimics an actual bisexual 
population closely enough so that relatively in- 
experienced students appreciate its applicability 
with ease. It affords visual evidence that chance 
acting in small populations can effect the changes 
predicted by theory. 


LITERATURE CITED 


DoszHANSKY, TH. 1941, Genetics and the 
origin of species. 2nd Ed. New York: 
Columbia Univ. Press. 

Dusinin, N. P., ann D. D. RomAscuorr. 1932. 
Die genetische Struktur der Art und ihre 
Evolution. Biol. Zhur., 1: 52-95. 





EVOLUTION, INTERCHANGE, AND RESEMBLANCE OF THE NORTH 
AMERICAN AND EURASIAN CENOZOIC MAMMALIAN FAUNAS 


GEORGE GAYLORD SIMPSON 


The American Museum of Natural History and Columbia University, New York 


Historical evolutionary studies are concerned 
not only with the phylogeny and morphogeny of 
particular lineages but also with the evolution 
of faunas, as such. Faunal evolution involves 
changes within regional faunas brought about 
by the evolution of their constituent groups, 
extinction of some of these, and shifts in their 
proportions and ecological balance. It also in- 
volves the spread—in this special sense, the 


migration—of groups from one region to another. 





These processes bring about zoogeographically 
important changes in the faunal resemblances of 
different regions. 

The primary documents for such studies are 
fossils and the basic data are records of the 
taxonomy and geographic and geologic dis- 
tribution of known successive and contemporary 
faunas in the regions concerned. There is no 
case in which the paleontological data so far 
gathered are fully adequate. As regards con- 
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tinental land faunas, the most extensive avail- 
able data are those for the land mammals of 
Eurasia and North America throughout the 
Cenozoic, with the exception of the earliest 
Cenozoic epoch, the Paleocene, knowledge of 
which is extremely inadequate in Eurasia. 
Study of the changing relationships of Eurasian 
and North American land mammals during the 
long span from the end of the Paleocene to the 
present time (about 60,000,000 years) is inter- 
esting not only in itself but also for the light 
it casts on many related problems. 

These mammals provide the best means now 
at hand for inference regarding the land migra- 
tion route, or routes, between North America 
and Eurasia. Some of the questions on which 
their evidence bears are: At what times during 
the Cenozoic was there a land connection be- 
tween these land masses? Where was this 
connection? What were its climatic and other 
ecological conditions? What was the pre- 
dominant direction of migration over it? Such 
questions have evident broad bearings on many 
evolutionary problems other than those involv- 
ing the mammals themselves. Answers so far 
provided by the mammals are not in any case 
complete or conclusive. It is also to be em- 
phasized that the zoogeographic history of the 
mammals is not likely to be paralleled precisely 
by that of any other groups of organisms, which 
may have quite different means of spread, eco- 
logical limitations, and other pertinent factors. 
However, valid inferences based on mammals 
must be consistent with, although possibly dif- 
ferent from, correct inferences based on other 
groups. 

Knowledge of this subject available at that 
time was well summarized by Osborn (1910) a 
generation ago. Since that time knowledge 
has increased tremendously and the whole pic- 
ture, as we see it, has been profoundly modified. 
There has, however, been no more recent gen- 
eral summary of the facts or of their bearing on 
these problems. The original observations are 
widely scattered and summaries of them either 
are for minor parts of the Cenozoic or of the 
continents or are unduly generalized and rather 
unreliable. 

In an effort to supply this need, on a less de- 
tailed level than in Osborn’s “Age of Mammals,” 
tabular and graphic summaries and discussion 
of their interpretation have been prepared and 
are being published elsewhere(Simpson 1947). 
The present paper is a briefer presentation of 
conclusions that involve some of the broader 
evolutionary principles and factors. For the 
data on which these conclusions rest and for 
more extended consideration of them, in part 
from somewhat different points of view, ref- 
erence should be made to the longer paper, some 
reprints of which are available. The data there 
presented and discussed at length include, among 





other things: lists of all mammalian groups 
known to have occurred in both Eurasia and 
North America with dates of first known ap- 
pearance on each continent; tabulation by sub- 
epochs of items of evidence on extent of inter- 
migration; lists of probable direction of migra- 
tion in each case; lists of migrant and important 
non-migrant groups for each subepoch; meas- 
ures of faunal resemblance between the conti- 
nents for each subepoch and for various more 
local areas at selected times; and some similar 
comparative lists of more restricted scope. 

There is evidence of intense interchange of 
land mammals between Eurasia and North 
America in the early Eocene, late Eocene, early 
Oligocene, late Miocene, middle to late Pliocene, 
and Pleistocene. There was probably some, but 
not much, interchange in the early and middle 
Miocene and early Pliocene. There was little 
interchange, perhaps none, in the middle Eocene, 
middle and late Oligocene, and Recent. 

Intensity of faunal interchange, as it appears 
in the record, is affected by factors other than 
the presence, extent, and duration of a land 
bridge, so that the continental connection can- 
not be assumed to have fluctuated directly with 
the interchange record. It is probable that there 
was a land migration route between Eurasia and 
North America during most of the Tertiary but 
that this was interrupted (submerged) for con- 
siderable lengths of time in the middle Eocene 
and again in the middle to late Oligocene. It is 
possible that other, probably briefer, interrup- 
tions occurred (perhaps, for instance, during 
the first half of the Pliocene), but these can- 
not at present be well substantiated or dated 
from the mammalian evidence. 

There is no clear evidence for a direct trans- 
Atlantic connection between Europe and North 
America at any time during the Cenozoic. The 
whole record is consistent with the existence 
of a single route which probably was (approxi- 
mately) the Bering bridge, between northeastern 
Asia and northwestern North America. After 
the early Eocene, the evidence clearly favors 
this view, and does so increasingly in later 
epochs. The evidence for the early Eocene is 
less clear, but it neither favors nor demands an 
Atlantic bridge and it is consistent with a north 
Pacific bridge. 

The early Eocene mammalian interchange in- 
volved many major groups and a large part of 
the continental faunas. Subsequent interchanges 
were more selective, with a tendency to involve 
progressively less distinctive types of animals, 
lower taxonomic categories, and ecological types 
less novel in the invaded region. Each inter- 
change involved migration in both directions, 
but there seems to have been more migration 
from Eurasia to North America than in the op- 
posite direction. This may be related to the 
fact that Eurasia was and is a larger, more var- 
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ied continent, to biotic pressure there of migrants 
from other regions (Africa and the Oriental 
region), and to the selective effect of this more 
complex history, producing somewhat superior 
competitive types of populations. 

The major screening or filter effect of the 
intercontinental route, which led to migration 
of some groups and not of others, seems to have 
been climatic, or caused by other ecological fac- 
tors correlated with climate. The migrant 
groups, as a rule, are those belonging to bio- 
cenoses of relatively cool, but not of alpine, en- 
vironments. This filter effect became increas- 
ingly evident and increasingly stringent from 
early to late Cenozoic. 

The measurement of taxonomic inter-regional 
faunal resemblances is a complex problem. The 
difficulties are particularly great when, as in 
this case, it is desirable to minimize purely 
local, accidental, and ecological differences and 
when, nevertheless, comparison must be based 
on paleontological samples which certainly in- 
clude only a fraction of the whole regional 
faunas. Although it must be interpreted with 
some care and certain sampling requirements 
must be met, a valid measure may generally be 





; —, in which C 
N, 

is the number of faunal units at a given tax- 
onomic level (species, genera, families, etc.) 
common to two regions and N, is the total num- 
ber of units in the smaller of the two faunas. 


provided by use of the formula 


On the generic level, mammalian faunal re- - 


semblance between Eurasia and North America 
was very high (42 by this measure) in the 
early Eocene, very low (5-7) in middle and 
late Eocene, moderate (16-19) in early and 


middle Oligocene, very low (6-7) again in late 
Oligocene and early Miocene, then moderate 
(12-18) and only slightly fluctuating from mid- 
dle Miocene through late Pliocene, and finally 
high (near the early Eocene figure) in Pleisto- 
cene and Recent. 


Based on families, a higher 
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taxonomic level with different evolutionary and 
zoogeographic implications from generic resem- 
blances, this figure was considerably higher (89) 
in the early Eocene than at any other time, 
dropped markedly (to 52) through the rest of 
the Eocene and into the early Oligocene, rose 
somewhat (to 65) through middle Oligocene to 
middle Miocene, and then tended to fluctuate 
(between 63 and 71) without marked change 
down to the Recent. 

Faunal resemblances and differences between 
two regions are the outcome of several different 
evolutionary and zoogeographic factors. The 
fluctuating Eurasian-North American resem- 
blance in Cenozoic mammalian faunas can be 
interpreted mainly on the basis of the following 
factors: 


Tending to increase faunal resemblance: 
Interchange between the two regions. 
Extinction of groups peculiar to one of the 

two regions. 
Tending to decrease faunal resemblance: 
Progressive evolution and local differentia- 
tion in either area. 

Extinction of migrant groups in one region 
but not in both. 

Faunal interchange of one of the two regions 
with a third region. 
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